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ABSTRACT
Background: The intrauterine environment may influence offspring blood pressure, with effects possibly extending

into adulthood. The associations between prenatal nutrition and offspring blood pressure, alone or in combination with

other sociodemographic or behavioral factors, are unclear.

Objectives: To investigate the associations of maternal dietary patterns and plasma folate concentrations with blood

pressure in children aged 4–6 years, and assess the potential effect modifications by child sex, maternal race, pre-

pregnancy overweight or obesity, maternal smoking, and breastfeeding.

Methods: Participants were 846 mother-child dyads from the Conditions Affecting Neurocognitive Development and

Learning in Early Childhood (CANDLE) study. Maternal nutrition was characterized by the Healthy Eating Index 2010 (HEI)

scores and plasma folate concentrations in pregnancy. We calculated the systolic blood pressure (SBP) and diastolic blood

pressure percentiles, incorporating sex, age, and height, and categorized children as either having high blood pressure

(HBP; ≥90th percentile) or normal blood pressure. Linear regressions were performed to quantify the associations

between maternal nutrition and continuous blood pressure percentiles, and Poisson regressions were used to estimate

the incidence rate ratio (IRR) of binary HBP. We examined the effect modifications using interaction models.

Results: Mean HEI scores and folate concentrations were 60.0 (SD, 11.3) and 23.1 ng/mL (SD, 11.1), respectively. Based

on measurements at 1 visit, 29.6% of the children were defined as having HBP. Maternal HEI scores and plasma folate

concentrations were not associated with child blood pressure percentiles or HBP in the full cohort. Among mothers

self-identified as white, there was an inverse relationship between maternal HEI score and child SBP percentile (β,

−0.40; 95%CI: −0.75 to −0.06). A maternal HEI score above 59 was associated with a reduced risk of HBP in girls

(IRR, 0.53; 95% CI: 0.32–0.88). No modified associations by pre-pregnancy overweight or obesity, maternal smoking,

or breastfeeding were indicated.

Conclusions: We found little evidence for effects of maternal nutrition during pregnancy on childhood blood pressure,

but detected sex- and race-specific associations. The study contributes to the evolving scientific inquiry regarding

developmental origins of disease. J Nutr 2021;151:949–961.
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Introduction

High blood pressure (HBP) is a major risk factor for heart
disease and stroke, 2 leading causes of death in the United States
(1). Large cohort studies show that elevated blood pressure can
track from childhood to adulthood (2, 3). Untreated pediatric
HBP is also directly associated with target organ damage (4–6).
It is increasingly recognized that adverse early-life experiences,
including in-utero exposure to poor maternal nutrition, may
predispose children to future cardiometabolic abnormalities
(7, 8).

The evidence supporting this hypothesis is circumstantial.
Animal experiments in rodents and sheep have suggested
associations between nutritional deprivation during pregnancy
and vascular resistance, and studies from diet-induced obese
dams have shown endothelial dysfunction and elevated blood
pressure in offspring (9–12). In humans, earlier cohort studies
focusing on maternal famine or malnutrition during pregnancy
have reported long-lasting effects on offspring cardiovascular
impairments, even in middle and old age (13–17). Due to
the obesity epidemic, pregnancy overnutrition and suboptimal
nutrition have been of great concern in the past decades.
Studies of single food or nutrient intakes in pregnancy have
reported inconsistent associations with child blood pressure
(18–24). Clinical trials and their follow-up studies, mainly
of supplement intakes, have uniformly yielded null results,
except for fish oil supplementation (25–32). As nutrients are
not consumed in isolation, dietary pattern analysis has been
used increasingly to assess the effects of maternal overall food
intake on several offspring outcomes, but little is known about
child blood pressure (33–35). We are aware of only 3 studies
that have evaluated this exposure-outcome association: 2 using
Mediterranean Diet scores and 1 using dietary patterns defined
by a data-driven approach (36–38). Among these, only the 1
conducted in pooled Greek and US cohorts using Mediterranean
Diet scores detected weak, inverse relationships with both
systolic blood pressure (SBP) and diastolic blood pressure (DBP)
(38).

In addition to dietary patterns, there is a growing interest in
the utilization of biomarkers in nutrition studies, particularly
for micronutrients. Folate is an essential B vitamin involved in
nucleic acid synthesis, DNA methylation, and cellular division.
The preventative effect of sufficient folate intake on fetal
neural tube defects is well established, and folate’s benefits
on cardiovascular health have been suggested by previous
research (39–41). Although daily folic acid supplementation is
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universally advised for women who are planning pregnancy
or currently pregnant in the United States, approximately one-
quarter of this population do not follow this recommendation
(42). A mechanism by which maternal sufficient folate intake
may protect against elevated blood pressure in children by
improving endothelial functions has been proposed (43). Yet
to the best of our knowledge, only 3 studies have estimated
the effects of maternal folate concentration on child blood
pressure using biomarkers in pregnancy (44–46). Of these,
only the study by Wang et al. (46) in Boston has found
notably reduced odds of child elevated blood pressure with
higher folate levels, restricted to the subset of mothers with
cardiometabolic conditions. The need for more evidence is
acknowledged.

We investigated the associations of maternal prenatal
dietary patterns and plasma folate concentrations with blood
pressure in children aged 4–6 years, using data from a
community-based pregnancy cohort in the American South.
It was hypothesized that children would have lower blood
pressure percentiles and reduced risks of high blood pressure
if their mothers had better adherence to the 2010 Dietary
Guidelines for Americans and/or had higher concentrations of
plasma folate during pregnancy. Moreover, nutrition status is
related to socioeconomic status (SES) and health literacy, and
obstacles to improving diet may co-occur with other behaviors
that may impact child health, such as smoking or formula
feeding (47–50). Over- or suboptimal nutrition is directly
linked with being overweight and obese (51). There is also
evidence for sex-specific differences and racial disparities in
nutrition status and cardiovascular disease programming (52,
53). As such, we examined whether the associations of interest
would be modified by child sex, maternal race, pre-pregnancy
overweight or obesity, maternal smoking, and breastfeeding
practice.

Subjects

The Conditions Affecting Neurocognitive Development and
Learning in Early Childhood (CANDLE) study is a socio-
demographically diverse pregnancy cohort in Memphis, Ten-
nessee, originally established to identify risk factors that
impact child neurodevelopment and learning. Participants were
pregnant women residing in Shelby County aged 16–40 years.
All were at 16–27 weeks of gestation with a singleton, had a
low-risk pregnancy, planned to deliver at a participating study
hospital, and were able to speak and understand English. From
2006 to 2011, 1503 participants were recruited from prenatal
care clinics and the community. More details of the sampling,
recruitment, and data collection have been described elsewhere
(54). We included 846 mother-child dyads with a primary
exposure metric [either the Food Frequency Questionnaire
(FFQ) taken in the second trimester or plasma folate measured
in mid- to late pregnancy] and a valid measure of child blood
pressure at age 4–6 years.

Ethics

Written informed consent was obtained from all enrolled
women. All CANDLE research activities were approved by
the Institutional Review Board of the University of Tennessee
Health Sciences Center, and this secondary analysis was
approved by the University of Washington Human Subjects
Division.
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Methods
Maternal nutrition assessment
Maternal dietary patterns were assessed using the Block (2005) FFQ
in the second trimester, in which mothers reported intake of 111 food
and beverage groups over the past 3 months (55). Healthy Eating Index
2010 (HEI) scores and total energy intakes were calculated based on
their responses. The HEI uses a scoring system to evaluate a set of
foods aligning with key dietary recommendations from the 2010 US
Dietary Guidelines for Americans (56). It comprises 12 nutrient density–
adjusted components that sum to a total score ranging from 0 to 100,
9 of which reflect intake adequacy of foods including fruits, vegetables,
and protein, and 3 of which reflect intake moderation of foods including
refined grains, sodium, and empty calories.

Maternal blood samples were collected in the second and third
trimesters. Plasma was separated by centrifuging at 1250–1300 × g
for 10 min with a centrifugation temperature from −2 to −8◦C. Folate
concentrations were assessed using the 96-well plate adaptation of the
lactobacillus casei microbiological assay, with a minimum detection
limit of 3 ng/mL (57). The intra-assay and the inter-assay variability
were 4.8–5.9% and 5.5–6.5%, respectively. All measurements were
performed within 3 months of sample collection. Measurements from
both trimesters were averaged. We further defined an HEI score below
59 as representing poor adherence to the dietary guidelines according
to a grading system recently proposed by Krebs-Smith et al. (58), and
grouped maternal folate concentrations into 2 categories (first quartile
vs. second–fourth quartiles).

Blood pressure assessment
Child blood pressure assessments were conducted by study nurses
according to a standardized protocol at the 4–6-year-old visit. We first
conducted an assessment of the child’s arm circumference to estimate
the correct cuff size. After a rest period of at least 2 minutes, blood
pressure measurements were taken twice in the right arm at heart level
using a BpTRU Medical Devices blood pressure monitor, Model BPM-
100. Up to 4 measurements were taken if there was a discrepancy greater
than 5 mmHg. Final blood pressure values were calculated by averaging
the measurements within a 5-mmHg difference. We calculated sex-,
age-, and height-specific blood pressure percentiles using the American
Academy of Pediatrics 2017 Clinical Practice Guideline, based on the
US pediatric population with normal weight (59). An SBP and/or DBP
measurement at the 90th percentile and above was defined as HBP.

Effect modifiers
We evaluated several potential effect modifiers. Child sex (female vs.
male) was obtained from birth records. Maternal race (black vs. white
vs. others) and breastfeeding practice (ever vs. none) were self-reported.
We identified prenatal smokers as those who reported smoking at
enrollment and/or had a positive urinary cotinine test (≥200 ng/mL)
in the third trimester (60). Pre-pregnancy overweight or obesity was
defined as a BMI 25.0 kg/m2 and above based on clinical measurements
(61).

Covariates
We included a number of maternal, child, and other characteristics in
this study. Maternal characteristics included age at delivery, education
level, marital status, insurance coverage, income adjusted by household
size (62), parity, maternal psychopathology as measured by the Global
Severity Index (63), hypertensive disorders of pregnancy, alcohol
consumption, and weight gained during pregnancy. Child characteristics
included height; age; BMI z-score at the 4–6-year-old visit; being small
for gestational age, defined based on an updated US-based, sex-specific
birth weight for gestational age reference (64); sleep quality as measured
by the Children’s Sleep Habits Questionnaire (65); physical activity
level; and medication use that potentially increased blood pressure
(e.g., albuterol or methylphenidate). We calculated the average child
HEI score, total energy intake, and nutrition density–adjusted folate
measurement from 24-hour food recalls by parental reports at the age
2- and age 3-year-old visits (66). Neighborhood-level SES was measured
using 2 domains of the Childhood Opportunity Index: the educational

and economic opportunity domains (67). We also included recruitment
site (safety-net clinics vs. general recruitments) as an indicator for
enrollment patterns and SES.

Statistical analysis
We conducted descriptive analyses to summarize the characteristics
of the analytic sample overall and by maternal nutrition levels,
and to estimate the distributions of exposures and outcomes. Based
on complete data, linear regressions with robust standard errors
were performed to quantify the associations of maternal HEI scores
and plasma folate concentrations with continuous blood pressure
percentiles, and Poisson regressions with robust standard errors were
used to estimate the incidence rate ratio (IRR) of binary HBP. Based
on existing literature regarding risk factors for pediatric HBP, as well as
Directed Acyclic Graphs, we identified confounders, precision variables,
and potential mediators, and developed a hierarchical adjustment
approach of 4 models. Model 1 was minimally adjusted for child sex,
child height, age at 4–6-year-old visit, and recruitment site. Model
2 was considered the full model and was extensively controlled for
maternal age at delivery, maternal race, education, marital status,
insurance coverage, income adjusted by household size, pre-pregnancy
BMI, breastfeeding practice, smoking and alcohol consumption during
pregnancy, parity, Global Severity Index score, child sleep quality,
child physical activity level, child use of medications that potentially
increased blood pressure, and Childhood Opportunity Index scores. We
further included total energy intake, truncated at 750 and 5000 kcal/d
(72 outliers excluded), in the models with maternal HEI scores to
address potential residual confounding. In Model 3, an exploratory
analysis, we additionally controlled for child HEI score and total energy
intake in analyses of maternal HEI scores and child nutrient density–
adjusted folate measurements in analyses of maternal plasma folate
concentrations. Model 4 was an extended model for Model 2, including
4 potential confounders that might also be in the causal pathway:
hypertensive disorders of pregnancy, weight gained during pregnancy,
the child being small for gestational age, and child BMI z-score.

In the secondary analysis of effect modification, we included
cross-product terms of each exposure and effect modifiers of interest
(child sex, etc.) and estimated interaction P values and stratum-
specific associations using the fully adjusted Model 2. In an additional,
secondary analysis, we replaced the continuous maternal HEI scores
and plasma folate concentrations with their binary forms and repeated
the primary analyses and effect modification analyses. We performed
4 sensitivity analyses. To estimate the nonlinear associations of
continuous maternal HEI scores and plasma folate concentrations with
outcomes of interest, Generalized Additive Models (GAM) with fitted
smooth curves were performed. As GAM analyses can be sensitive
to the presence of extreme predictors, the curves for plasma folate
concentrations were truncated at 60 ng/mL. To explore whether
confounding by child nutrition would be nonlinear, we categorized child
HEI scores and folate measurements into quartiles and substituted the
continuous measurements in Model 3. To compare the influence of
2 potentially interchangeable factors that may be in the causal pathway
of our associations, which both serve as proxies for intrauterine growth
restriction, we replaced being small for gestational age with birthweight
in Model 4. To evaluate whether the percentiles accurately expressed a
child’s raw blood pressure in the reference population, child age and
height at the blood pressure assessment were modeled flexibly using
2-dimensional, unpenalized, thin-plate regression splines (TPRS) in the
full models. TPRS were generated from the MGCV package with varied
degrees of freedom from 5 to 12. All analyses were conducted in R 3.6.2
(R Cord Team).

Results
Characteristics of the study population

The retention of participants in the CANDLE study from
enrollment to the 4–6-year-old visit, as well as the sample
sizes for primary analyses of each maternal nutrition variable,
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TABLE 1 Characteristics of Conditions Affecting Neurocognitive Development and Learning in Early Childhood participants in the
overall analytic sample and by maternal nutrition levels

Analytic sample HEI ≤59 HEI >59 First folate quartile
Second–fourth folate

quartile
n = 846 n = 352 n = 394 n = 225 n = 621

Child characteristics
Gestational age at birth, wk 38.8 (1.8) 38.6 (2.0) 38.9 (1.7) 38.8 (2.0) 38.8 (1.7)
Delivery at <37 wks, n [%] 76 [9.0] 40 [11.4] 26 [6.6] 24 [10.7] 52 [8.4]
Birth weight, kg 3.2 (0.6) 3.2 (0.6) 3.3 (0.5) 3.1 (0.5) 3.3 (0.6)
Low birth weight, <2500g, n [%] 59 [7.0] 37 [10.6] 18 [4.6] 24 [10.7] 35 [5.7]
Small for gestational age, n [%] 77 [9.2] 39 [11.2] 27 [6.9] 26 [11.6] 51 [8.3]
Sex, n [%]

Male 421 [49.8] 177 [50.3] 200 [50.8] 116 [51.6] 305 [49.1]
Female 425 [50.2] 175 [49.7] 194 [49.2] 109 [48.4] 316 [50.9]

Age at visit, y 4.4 (0.6) 4.5 (0.7) 4.3 (0.5) 4.5 (0.7) 4.4 (0.6)
Height at visit, cm 106 (6.1) 106 (6.3) 106 (5.7) 107.2 (6.7) 106.1 (5.8)
Sleep scores 46.8 (7.3) 47.6 (7.3) 45.9 (7.0) 48.3 (7.1) 46.3 (7.2)
Dietary measurements

HEI 52.4 (10.4) 50.2 (10.7) 54.8 (9.9) 50.8 (9.6) 52.9 (10.6)
Total energy intake, kcal/d 1481 (851.8) 1517 (596.2) 1473 (1068) 1606 (823.2) 1440 (857.8)
Nutrient density–adjusted folate 209 (92.2) 199 (86.1) 215 (91.0) 199 (91.2) 212 (92.4)

Medication use potentially leading to hypertension,
n [%]

67 [7.9] 36 [10.2] 26 [6.6] 18 [8.0] 49 [7.9]

Vigorous activity frequency, n [%]
Never or occasionally 121 [14.5] 60 [17.3] 33 [8.5] 42 [19.1] 79 [12.9]
Once or twice per week 90 [10.8] 42 [12.1] 36 [9.2] 29 [13.2] 61 [9.9]
3 or more times per week 623 [74.7] 244 [70.5] 321 [82.3] 149 [67.7] 474 [77.2]

BMI class at visit,1 n [%]
Underweight 21 [2.5] 11 [3.1] 10 [2.5] 5 [2.2] 16 [2.6]
Normal weight 571 [67.6] 239 [68.1] 267 [67.8] 150 [66.7] 421 [67.9]
Overweight 125 [14.8] 48 [13.7] 58 [14.7] 32 [14.2] 93 [15.0]
Obesity 128 [15.2] 53 [15.1] 59 [15] 38 [16.9] 90 [14.5]

Maternal characteristics
Age at delivery, y 26.1 (5.5) 24.4 (4.9) 28 (5.4) 24.5 (4.7) 26.6 (5.7)
Total energy intake, kcal/d 2396 (965.4) 2674 (995.0) 2179 (844.0) 2789 (1028) 2280 (915.2)
Income adjusted by household size, thousand 17.0 (16.6) 11.0 (12.4) 24.1 (17.5) 8.8 (10.0) 20.0 (17.5)
Total weight gained during pregnancy, kg 14.5 (7.2) 14.2 (7.5) 14.7 (6.8) 12.9 (7.9) 15.0 (6.8)
Global Severity Index 46.7 (10.8) 46.7 (11.3) 46.2 (10.1) 47.1 (11.5) 46.5 (10.6)
Race, n [%]

Black 563 [66.6] 274 [77.8] 211 [53.6] 202 [89.8] 361 [58.1]
White 229 [27.1] 56 [15.9] 159 [40.4] 12 [5.3] 217 [34.9]
Other 54 [6.4] 22 [6.3] 24 [6.1] 11 [4.9] 43 [6.9]

Education, n [%]
<High school 114 [13.5] 66 [18.8] 26 [6.6] 55 [24.4] 59 [9.5]
High school/GED 403 [47.7] 207 [58.8] 147 [37.3] 131 [58.2] 272 [43.9]
Technical school 85 [10.1] 30 [8.5] 42 [10.7] 18 [8.0] 67 [10.8]
College degree 150 [17.8] 32 [9.1] 108 [27.4] 16 [7.1] 134 [21.6]
Grad/professional degree 93 [11] 17 [4.8] 71 [18] 5 [2.2] 88 [14.2]

Marital status at enrollment, n [%]
Married 296 [35.0] 78 [22.2] 199 [50.5] 30 [13.3] 266 [42.9]
Widowed/divorced/separated/never married 398 [47.1] 191 [54.3] 140 [35.5] 136 [60.4] 262 [42.3]
Living with partner 151 [17.9] 83 [23.6] 55 [14] 59 [26.2] 92 [14.8]

Insurance status, n [%]
No insurance 2 [0.2] 0 [0] 2 [0.5] 0 [0] 2 [0.3]
Medicaid or Medicare only 510 [60.3] 259 [73.6] 170 [43.2] 192 [85.3] 318 [51.2]
Medicaid/Medicare and private insurance 28 [3.3] 17 [4.8] 10 [2.5] 8 [3.6] 20 [3.2]
Private insurance only 306 [36.2] 76 [21.6] 212 [53.8] 25 [11.1] 281 [45.3]

Baseline household income, n [%]
$0–$24,999 372 [48.3] 198 [64.7] 114 [29.8] 133 [70.0] 239 [41.2]
$25,000–$54,999 196 [25.5] 70 [22.9] 116 [30.4] 42 [22.1] 154 [26.6]

(Continued)
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TABLE 1 (Continued)

Analytic sample HEI ≤59 HEI >59 First folate quartile
Second–fourth folate

quartile
n = 846 n = 352 n = 394 n = 225 n = 621

$55,000–$74,999 83 [10.8] 19 [6.2] 61 [16.0] 7 [3.7] 76 [13.1]
$75,000 or over 119 [15.5] 19 [6.2] 91 [23.8] 8 [4.2] 111 [19.1]

Smoking, from urinary cotinine + self report, n [%] 115 [13.6] 58 [16.5] 38 [9.7] 45 [20.1] 70 [11.3]
Alcohol consumption, n [%] 76 [9.0] 33 [9.4] 40 [10.2] 14 [6.2] 62 [10.0]
Supplement intake of vitamins, n [%] 780 [94.0] 316 [92.9] 378 [96.7] 190 [87.6] 590 [96.3]
Pre-pregnancy BMI class,2 n [%]

Underweight 41 [4.9] 18 [5.1] 17 [4.3] 12 [5.4] 29 [4.7]
Normal 340 [40.3] 142 [40.6] 165 [42.0] 72 [32.1] 268 [43.3]
Overweight 186 [22.1] 83 [23.7] 75 [19.1] 46 [20.5] 140 [22.6]
Obese 276 [32.7] 107 [30.6] 136 [34.6] 94 [42.0] 182 [29.4]

Pregnancy hypertensive disorder, n [%] 49 [5.8] 17 [4.8] 27 [6.9] 10 [4.4] 39 [6.3]
Breastfeeding, n [%]

No 312 [37.5] 180 [52.3] 84 [21.7] 118 [53.4] 194 [31.8]
Yes, 6 months or less 305 [36.7] 116 [33.7] 157 [40.6] 63 [28.5] 242 [39.7]
Yes, above 6 months 214 [25.8] 48 [14.0] 146 [37.7] 40 [18.1] 174 [28.5]

Parity, n [%]
No prior births 512 [60.5] 232 [65.9] 221 [56.1] 177 [78.7] 335 [54.0]
At least 1 prior birth 334 [39.5] 120 [34.1] 173 [43.9] 48 [21.3] 286 [46.1]

Other characteristics
Childhood Opportunity Index

Postnatal Educational Index −0.03 (0.5) −0.14 (0.4) 0.11 (0.6) −0.26 (0.3) 0.05 (0.6)
Postnatal Economics Index −0.10 (0.6) −0.19 (0.6) 0.03 (0.6) −0.35 (0.6) −0.01 (0.6)

Site, n [%]
General recruitment 650 [76.8] 252 [71.6] 371 [94.2] 137 [60.9] 513 [82.6]
Safety net hospitals 196 [23.2] 100 [28.4] 23 [5.8] 88 [39.1] 108 [17.4]

For continuous variables, values are means (SDs); for categorical variables, values are frequency [percentage]. Abbreviations: GED, General Education Development; HEI,
Healthy Eating Index.
1Child obesity was defined as a BMI at or above the 95th percentile for children of the same age and sex; overweight was defined as a BMI from the 85th to less than the 95th
percentile; normal weight was defined as a BMI from the 5th to less than the 85th percentile; and underweight was defined as a BMI less than the 5th percentile.
2Maternal pre-pregnancy obesity was defined as a BMI 30.0 kg/m2 or higher; overweight was defined as a BMI 25.0 kg/m2 to less than 30.0 kg/m2; normal weight was defined
as a BMI 18.5 kg/m2 to less than 25.0 kg/m2; and underweight was defined as a BMI less than 18.5 kg/m2.

are illustrated in Supplemental Figure 1. The analytic samples
were 746 and 846 for maternal HEI scores and plasma folate
concentrations, respectively. Two-thirds of mothers included
in this analysis self-identified as black and approximately
one-quarter self-identified as white (Table 1). Many (61%) of
the mothers had a high school education or less, and 48%
of the participating families reported a household income of
less than $25,000 per year. More than half of the mothers
were classified as overweight or obese before pregnancy. Based
on self-reports and/or urinary cotinine analyses, 14% of the
mothers were defined as smokers during pregnancy. About two-
thirds breastfed their newborns, but less than half of them
breastfed more than 6 months. Children had an equal sex
distribution, with a mean age of 4.4 years old (SD, 0.6) at the
time of blood pressure measurement. At the 4–6-year-old visit,
15% of children were categorized as overweight and another
15% were categorized as obese. The results from the 24-hour
food recalls showed the average child HEI score as 52.4 (SD,
10.4), total energy intake as 1481 kcal (SD, 851.8), and nutrient
density–adjusted folate intake as 209 μg/1000 kcal (SD, 92.2).

Compared with mothers with an HEI score greater than
59, mothers with an HEI score of 59 or below were more
likely to be younger at delivery, self-identify as black, have
a lower annual household income, have a lower education
level, smoke during pregnancy, and feed their newborn with
formula (Table 1). Their children were more likely to be
small for gestational age, take medication that potentially

increased blood pressure, be less physically active, have poorer
dietary quality, and have lower folate intake. Similarly, higher
maternal plasma folate concentrations were related to a
higher SES and more health-promoting behaviors. We did
not observe meaningful differences in baseline characteristics
when comparing the CANDLE population at enrollment and
the 2 analytic samples available for maternal HEI scores and
plasma folate concentrations, except that a larger portion of
mothers from the general recruitment cohort than from the
safety-net hospital recruitment cohort had available FFQ data
(Supplemental Table 1).

Child blood pressure

The average SBP was 92.3 mmHg (SD, 9.9) for the raw
measurement and 48.6 (SD, 25.5) for the percentile, and the
average raw DBP and DBP percentile were 61.1 mmHg (SD,
9.1) and 75.7 (SD, 19.3), respectively. The data of both raw
blood pressure measurements and of the SBP percentile were
normally distributed, while the DBP percentile was left skewed
(Supplemental Figure 2). We classified 250 children (29.6%)
with an SBP or DBP at the 90th percentile or above as having
HBP, largely driven by isolated elevations in DBP.

Maternal nutrition

Distributions of maternal HEI scores and plasma folate
concentrations are shown in Supplemental Figure 3. Maternal
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TABLE 2 Estimated effects of maternal Healthy Eating Index 2010 scores and plasma folate
concentrations on blood pressure percentiles and high blood pressure

Model1 n Maternal HEI n Plasma folate

SBP percentile, β (95% CI)
Model 1 746 − 0.14 (−0.31 to 0.03) 846 − 0.02 (−0.19 to 0.14)
Model 2 597 − 0.16 (−0.37 to 0.05) 752 − 0.02 (−0.20 to 0.17)
Model 3 492 − 0.18 (−0.42 to 0.05) 611 − 0.004 (−0.21 to 0.20)
Model 4 556 − 0.13 (−0.35 to 0.09) 693 − 0.01 (−0.21 to 0.18)

DBP percentile, β (95% CI)
Model 1 746 − 0.09 (−0.21 to 0.04) 846 − 0.01 (−0.12 to 0.11)
Model 2 597 − 0.08 (−0.25 to 0.08) 752 0.003 (−0.13 to 0.14)
Model 3 492 − 0.11 (−0.30 to 0.07) 611 − 0.02 (−0.17 to 0.13)
Model 4 556 − 0.06 (−0.23 to 0.11) 693 − 0.02 (−0.16 to 0.12)

HBP, IRR (95% CI)
Model 1 746 1.00 (0.98–1.01) 846 1.00 (0.99–1.01)
Model 2 597 1.00 (0.98–1.01) 752 1.00 (0.99–1.01)
Model 3 492 0.99 (0.98–1.01) 611 1.00 (0.99–1.01)
Model 4 556 1.00 (0.99–1.02) 693 1.00 (0.98–1.01)

Data are from the study population of the CANDLE cohort. Abbreviations: CANDLE, Conditions Affecting Neurocognitive
Development and Learning in Early Childhood; DBP, diastolic blood pressure; HBP, high blood pressure; HEI, Healthy Eating Index
2010; IRR, incidence rate ratio; SBP, systolic blood pressure.
1Linear regressions with robust standard errors were used for blood pressure percentiles, and Poisson regressions with robust
standard errors were used for HBP. Model 1 was adjusted for child sex, child height, age at the 4–6-year-old visit, and recruitment
site. Model 2 was further controlled for maternal age at delivery, maternal race, education, marital status, insurance coverage,
income adjusted by household size, pre-pregnancy BMI, breastfeeding practice, smoking and alcohol consumption during
pregnancy, parity, Global Severity Index score, child sleep quality, child physical activity level, child use of medication that potentially
increased blood pressure, and Childhood Opportunity Index score. Maternal total energy intake was further included in models with
HEI scores. Model 3 was additionally adjusted for child HEI scores and total energy intake in analyses of maternal HEI scores and
child nutrient density–adjusted folate measurements in analyses of maternal plasma folate concentrations. Model 4 included
hypertensive disorders of pregnancy, weight gained during pregnancy, being small for gestational age, and child BMI z-score, based
on Model 2.

HEI scores ranged from 26.2 to 88.4, with a mean of 60.0 (SD,
11.3), and more than three-quarters of the scores were under 70.
The average maternal total energy intake was 2396 kcal (SD,
965.4). Plasma folate concentrations ranged from 2.6 ng/mL
to 80.5 ng/mL, with a mean of 23.1 ng/mL (SD, 11.1),
and the maximum folate concentration in the first quartile
was 15.7 ng/mL. Although universally accepted cut-offs to
define folate deficiency using plasma samples in pregnancy are
uncertain, the folate concentrations within the second–fourth
quartiles were considered as adequate according to a report
from the WHO Technical Consultation and a population-based
randomized trial in China (68, 69). The pairwise correlations
of maternal HEI scores and plasma folate concentrations
(r, 0.30), maternal and child HEI scores (r, 0.27), and
maternal plasma folate and child folate intakes (r, 0.11) were
moderate.

Associations between maternal nutrition and child
blood pressure

The Directed Acyclic Graph showing the exposure-outcome
associations is presented in Supplemental Figure 4. Overall,
we found no evidence of association of maternal HEI
scores and plasma folate concentrations with child blood
pressure percentiles and HBP from multivariate linear and
Poisson regressions (Table 2). We investigated 5 potential
effect modifiers for the associations of maternal nutrition in
pregnancy with offspring cardiometabolic traits: child sex,
maternal race, maternal pre-pregnancy weight status, smoking
during pregnancy, and breastfeeding (Figure 1). In mothers
self-identified as white, we observed an inverse association
between maternal HEI score and child SBP percentile. Each

1-unit increase of maternal HEI score was associated with a
0.40 lower SBP percentile in offspring (β, −0.40; 95% CI:
−0.75 to −0.06). This association was null in mothers who self-
identified as black (β, −0.03; 95% CI: −0.29 to 0.23) or other
race (β, −0.29; 95% CI: −0.94 to 0.37), and the interaction
term between maternal race and HEI score was insignificant (P-
interaction = 0.22).

Results from the analyses with binary maternal HEI scores
indicated that an index score greater than 59 was associated
with a 4.79 lower child DBP percentile (β, −4.79; 95% CI:
−8.89 to −0.68) when child HEI score, total energy intake,
and other confounders were taken into account (Model 3;
Table 3). In agreement with the results from the effect
modification assessment with continuous form, in those who
were white, the child SBP percentile was 8.97 lower (β, −8.97;
95% CI: −17.5 to −0.40) when comparing mothers with
an HEI score above 59 to those with an HEI score 59 and
below (Figure 2). We also found a significant interactive effect
between child sex and maternal HEI score on the risk of a
child having HBP (P-interaction = 0.01): maternal HEI scores
above 59 were associated with a 47% reduction in the risk of
HBP in girls but no reduction in boys [girls: IRR, 0.53 (95%
CI: 0.32–0.88); boys: IRR, 1.13 (95% CI: 0.78–1.66)]. No
modified associations by pre-pregnancy overweight or obesity,
smoking during pregnancy, or breastfeeding were indicated.
When dichotomized at the first quartile, the plasma folate
measurement was not related to any outcome in the overall
sample or any stratum.

In the sensitivity analyses, the smooth effect curves generated
from GAMs (Supplemental Figure 5) indicated no significant
departures from the overall conclusions of the primary analyses,
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FIGURE 1 Estimated associations of continuous maternal (A) Healthy Eating Index 2010 scores and (B) plasma folate concentrations during
pregnancy with child blood pressure (DBP and SBP percentiles and risk of HBP) by child sex (female vs. male), maternal race (black vs. white vs.
other), maternal overweight/obesity before pregnancy (overweight/obese vs. nonoverweight/nonobese), maternal smoking during pregnancy
(smoker vs. nonsmoker), and breastfeeding practice (breastfeeding vs. no breastfeeding) in the study population of the CANDLE cohort. The
analytic samples of Model 2 for maternal Healthy Eating Index 2010 scores and plasma folate concentrations were 597 and 752, respectively.
Linear regressions with adjustments in Model 2 were performed for continuous blood pressure percentiles, and Poisson regressions with robust
standard errors were used to estimate IRRs. A cross-product term of each exposure and effect modifier of interest were included in the model,
and interaction P values were reported in the graph. Squares represent the effect estimates, error bars are 95% CIs, and dotted lines show
null values. Abbreviations: CANDLE, Conditions Affecting Neurocognitive Development and Learning in Early Childhood; DBP, diastolic blood
pressure; HBP, high blood pressure; IRR, incidence rate ratio; Owt/obe, overweight/obese; SBP, systolic blood pressure.

except that we observed a W-shaped pattern for the association
between maternal plasma folate concentrations and child SBP
percentile from Model 3 (P = 0.04). For maternal folate concen-
trations below 15 ng/mL and between 30–40 ng/mL, there was
an inverse association with child SBP percentile independent of
child nutrient density–adjusted folate measurements; however,
the associations were positive for maternal folate concentrations
between 20–30 ng/mL or above 40 ng/mL. Nonetheless, this
finding might be driven by the right tail and could be spurious.

Replacing continuous child HEI scores and folate measurements
with their quartiles did not produce meaningful changes in effect
estimates and precision (Supplemental Table 2). No appreciable
difference was found when being small for gestational age was
substituted by birthweight in Model 4 (Supplemental Table 3).
We also obtained similar results with the primary analysis of
blood pressure percentile when controlling for child age and
height at the 4–6-year-old visit using TPRS with a degree of
freedom varying from 5 to 12 (Supplemental Figure 6).
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TABLE 3 Estimated effects of binary maternal Healthy Eating Index 2010 scores and plasma folate
measurements on blood pressure percentiles and high blood pressure

Model1 n
Maternal HEI
(≤59 vs. >59) n

Plasma folate (first quartile
vs. second–fourth quartiles)

SBP percentile, β (95% CI)
Model 1 746 − 3.22 (−6.93 to 0.50) 846 − 1.41 (−5.38 to 2.55)
Model 2 597 − 3.32 (−7.93 to 1.29) 752 − 0.15 (−4.83 to 4.54)
Model 3 492 − 4.69 (−9.97 to 0.59) 611 − 0.27 (−5.63 to 5.10)
Model 4 556 − 3.37 (−8.02 to 1.29) 693 − 0.55 (−5.45 to 4.36)

DBP percentile, β (95% CI)
Model 1 746 − 2.57 (−5.29 to 0.16) 846 0.26 (−2.55 to 3.07)
Model 2 597 − 2.74 (−6.34 to 0.85) 752 0.75 (−2.70 to 4.20)
Model 3 492 − 4.79 (−8.89 to -0.68) 611 0.84 (−3.08 to 4.76)
Model 4 556 − 2.65 (−6.24 to 0.94) 693 0.22 (−3.39 to 3.83)

HBP, IRR (95% CI)
Model 1 746 0.83 (0.65–1.05) 846 0.96 (0.76–1.21)
Model 2 597 0.84 (0.61–1.16) 752 0.99 (0.75–1.31)
Model 3 492 0.74 (0.52–1.04) 611 1.01 (0.75–1.37)
Model 4 556 0.84 (0.61–1.18) 693 0.89 (0.68–1.18)

Data are from the study population of the CANDLE cohort. Abbreviations: CANDLE, Conditions Affecting Neurocognitive
Development and Learning in Early Childhood; DBP, diastolic blood pressure; HBP, high blood pressure; HEI, Healthy Eating Index
2010; IRR, incidence rate ratio; SBP, systolic blood pressure.
1Linear regressions with robust standard errors were used for blood pressure percentiles, and Poisson regressions with robust
standard errors were used for HBP. Model 1 was adjusted for child sex, child height, age at 4–6-year-old visit, and recruitment site.
Model 2 was extensively controlled for maternal age at delivery, maternal race, education, marital status, insurance coverage,
income adjusted by household size, pre-pregnancy BMI, breastfeeding practice, smoking and alcohol consumption during
pregnancy, parity, Global Severity Index score, child sleep quality, child physical activity level, child use of medication that potentially
increased blood pressure, and Childhood Opportunity Index score. Maternal total energy intake was further included in models with
HEI scores. Model 3 was additionally adjusted for child HEI scores and total energy intake in analyses of maternal HEI scores and
child nutrient density–adjusted folate measurements in analyses of maternal plasma folate concentrations. Model 4 included
hypertensive disorders of pregnancy, weight gained during pregnancy, being small for gestational age, and child BMI z-score, based
on Model 2.

Discussion

In this analysis of prospective data from a US urban pregnancy
cohort with high socio-demographic diversity, we found no
association in the overall cohort between maternal nutrition
in pregnancy, measured by the HEI score and plasma folate
concentrations, and child blood pressure at age 4–6 years.
This conclusion remained the same after including factors
that may serve as confounders and also potentially acted in
the causal pathway in the extended models and in several
sensitivity analyses. Potential race- and sex-specific relationships
were suggested. White mothers with better adherence to the
2010 Dietary Guidelines for Americans in early pregnancy
had offspring with lower SBP percentiles. Relatively better
maternal dietary quality (HEI score >59) was associated with a
reduced risk of HBP in girls. However, these findings should be
interpreted with caution owing to the multiple comparisons in
the effect modifier analysis. The results also suggested that child
nutrition may confound the nonlinear maternal nutrition–child
blood pressure relationships.

We did not detect associations between maternal HEI scores
and child blood pressure at age 4–6 years. The findings are in
agreement with the 2 European studies with maternal dietary
quality. The Infancia y Medio Ambiente study in Spain reported
null relationships between maternal Mediterranean diet scores
and child cardiometabolic risk at age 4 (36). The Generation R
study in the Netherlands used a data-driven approach to define
maternal posteriori dietary patterns, and found no association
with child blood pressure at age 6 (37). However, a similar study
based on pooled data from 2 birth cohorts, 1 in Greece and 1 in
the United States, observed lower offspring SBP and DBP in mid-
childhood if mothers had better adherence to the Mediterranean

diet (38). Other observational studies also have estimated the
effects of single food or nutrient intakes in pregnancy on
child blood pressure, such as carbohydrate, protein, or fat, or
the effects of maternal dietary patterns on health conditions
that are closely relevant to child blood pressure, such as fetal
growth or obesity, but the results are inconclusive (18–23, 70–
72). There may be several explanations for the null results
in our study with maternal HEI score. First, as the study by
Chatzi et al. (38) has shown, the effects of prenatal nutrition
exposure might not appear until age 6. Second, the FFQ was
administered in the second trimester, which was more likely
to reflect the nutrition status in early pregnancy. Although the
first trimester is critical for programming the lipid profile, the
second and third trimesters are the windows when nephron
development, adipogenesis, and fat accumulation mostly occur
(73–76). Third, despite more than 75% of the mothers in
the CANDLE cohort having a poor pregnancy diet, they
were relatively young with low–medical risk pregnancies, and
extreme under- or overnutrition was not observed. Associations
might be more detectable when studying extreme exposures
with greater contrasts. Some stratum-specific associations of
maternal HEI score were evident. National representative data
have indicated sexual and racial differences in cardiovascular
disease programming (53). Mothers who self-identified as white
in the CANDLE cohort had higher HEI scores, but there is
also the potential for misclassification of exposures that may
lead to null associations in the other race groups, when some
foods and nutrients consumed are underrepresented by the
Dietary Guidelines. Data on sex-specific associations between
pregnancy nutrition and child blood pressure are limited: only
2 Danish randomized trials have reported higher blood pressure
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FIGURE 2 Estimated associations of binary maternal (A) Healthy Eating Index 2010 scores (≤59 vs. >59) and (B) plasma folate measurements
(first quartile vs. second–fourth quartiles) during pregnancy with child blood pressure (DBP and SBP percentiles and risk of HBP) by child
sex (female vs. male), maternal race (black vs. white vs. other), maternal overweight/obesity before pregnancy (overweight/obese vs.
nonoverweight/nonobese), maternal smoking during pregnancy (smoker vs. nonsmoker), and breastfeeding practice (breastfeeding vs. no
breastfeeding) in study population of the CANDLE cohort. The analytic samples of Model 2 for maternal Healthy Eating Index 2010 scores
and plasma folate levels were 597 and 752, respectively. Linear regressions with adjustments in Model 2 were performed for continuous blood
pressure percentiles, and Poisson regressions with robust standard errors were used to estimate IRRs. A cross-product term of each exposure
and effect modifier of interest were included in the model, and interaction P values were reported in the graph. Squares represent the effect
estimates, error bars are 95% CIs, and dotted lines show null values. Abbreviations: CANDLE, Conditions Affecting Neurocognitive Development
and Learning in Early Childhood; DBP, diastolic blood pressure; HBP, high blood pressure; IRR, incidence rate ratio; Owt/obe, overweight/obese;
SBP, systolic blood pressure.

associated with fish supplementation in boys (28, 31). Animal
studies have shown that the response to poor maternal diet
triggers sex-specific epigenetic alternations in offspring, together
with sexually dimorphic deregulation of certain genes, further
resulting in sexual disparities in the uptake and metabolism of
amino acids, glucose, and fats (77, 78).

We detected little evidence of associations between maternal
plasma folate concentrations and child blood pressure. The
findings are consistent with the 2 micronutrient supplement

trials in rural Nepal and Bangladesh and with the 2 observa-
tional studies addressing this research topic in the Netherlands
(26, 44, 45, 79). The study based on the Boston Birth Cohort
reported 40% reduced odds of child elevated blood pressure
when comparing mothers with plasma folate concentrations
above median to below median, in the subset of mothers
with cardiometabolic conditions (46). We did not observe
any association in the stratum of mothers with pre-pregnancy
overweight or obesity. The disparity in results between our
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study and the study in Boston may be attributed to the
differences in selective criteria for subgroups and the cut-offs
of folate concentrations. Another study by Wang et al. (80) in
Boston has reported an L-shaped association between maternal
plasma folate concentrations and child overweight or obesity.
In line with this study, our results suggested a weak, nonlinear
relationship between maternal plasma folate concentrations
and child SBP percentiles, independent of child nutrient
density–adjusted folate measurements, but the GAM curve
indicated a W-shaped pattern of the associations. Adequate ma-
ternal folate levels may protect against offspring elevated blood
pressure by reducing plasma homocysteine concentrations
and increasing NO synthesis in endothelial cells, scavenging
superoxide anions, and subsequently counteracting oxidative
stress and promoting resilience of vessels (81–84). However,
the plausible biological mechanism explaining this W-shaped
relationship needs future exploration. Even though our study
had relatively higher maternal folate concentrations compared
with the studies aforementioned and the national representative
data of women of childbearing age (85), most of the studies,
including ours, have obtained similar null results. It could be
due to the fact that the associations between maternal folate
concentrations and child cardiovascular health are likely to be
nonlinear, and the ability to detect potential associations may
vary by the utilization of study-specific plasma folate thresholds.

Our study has several strengths. To our knowledge, this
is the first study to use the HEI as a measurement for diet
quality in pregnant women to predict offspring blood pressure.
Although other diet quality scores, such as Mediterranean
Diet Score or Dietary Approaches to Stop Hypertension,
are also designed to evaluate adherence to specific dietary
recommendations, the food compositions, weights assigned to
each food group, and cut-offs of intake of nutrients vary
widely, suggesting that identification of suitable measurements
for intended populations and health outcomes is influential (86,
87). We elected to use the HEI because the Dietary Guidelines
aim to help the general American population to make healthy
choices about food and beverages in their daily lives, and
systematic reviews and large meta-analyses have convincingly
demonstrated that higher diet quality, as described with the use
of the HEI, is associated with lower risks of cardiovascular
disease mobility and mortality (88, 89). Another strength
of our study is the application of nutrient biomarker data.
Folate measurements determined from self-reported data could
overestimate the intake from diet and supplemental folic acid,
particularly when folate is consumed from multiple sources,
as 1 source may reduce the absorption and bioavailability of
the others (90). Utilization of plasma folate concentrations,
which directly reflect physiological responses to overall intakes
after absorptive and metabolic processes (91), is more likely
to reveal the true exposure-outcome associations. In addition,
contributory evidence from observational nutrition studies
is commonly subject to residual confounding. A predispo-
sition to cardiometabolic disorder may be attributable to
postnatal nutrition as much as prenatal nutrition. Besides
child nutrtion measurements, we were also able to adjust
rigorously for individual- and neighborhood-level SES in the
current analysis. Furthermore, previous studies have suggested
adverse health effects from both under- and overnutrition,
and nonlinear associations were frequently assessed by using
tertiles or quartiles, the arbitrary cut-offs of which limit the
external generalizability to other populations. Here, we adopted
2 approaches to assess the nonlinear associations: curve fitting
and an analysis of cut-offs with public health meaning. Finally,

child blood pressure measurements were standardized using the
2017 guidelines with the normal-weight pediatric population
as the reference, which performed better than the 2004
guidelines in identifying children with adverse cardiometabolic
profiles (92).

Our study has some limitations. One is the self-reported
nature of maternal HEI components and child nutrition.
Even though these measurements were adjusted for nutrient
density, potential measurement error may still exist. In addition,
child nutrition was not measured contemporaneously with
the outcome assessment. As plasma folate is an indicator for
short-term exposure, it is an imperfect measure of chronic
deficiency in pregnancy (93). It is also difficult to pinpoint
the food source with folate biomarkers and, therefore, to
inform dietary interventions. Furthermore, we cannot rule out
the misclassification of HBP. Although blood pressure was
measured repeatedly during an assessment, the examination was
performed on a single occasion. As such, the definition of HBP
in our analysis does not meet the clinical definition (94, 95).
Moreover, although we did not observe meaningful differences
in baseline characteristics between the families at enrollment
and the analytic samples for each nutritional measurement,
selection bias remains a concern. Finally, due to the skewed
socio-demographic features and other health characteristics
in our study sample, the findings of this study may not be
generalized to the other populations.

Despite the limitations, our study shows that pregnancy
nutrition, characterized by HEI scores and plasma folate
concentrations, is not associated with child blood pressure in
a community-based cohort in the United States. It contributes
to the evolving science regarding the developmental origins
of disease. Continuing investigations are needed to verify our
hypotheses in other well-characterized populations.
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AJC, Arifeen S-E, Persson L-Å, Moore SE. Combined food and
micronutrient supplements during pregnancy have limited impact on
child blood pressure and kidney function in rural Bangladesh. J Nutr
2013;143:728–34.

27. Hiller JE, Crowther CA, Moore VA, Willson K, Robinson JS. Calcium
supplementation in pregnancy and its impact on blood pressure in
children and women: follow up of a randomised controlled trial. Aust
NZ J Obstet Gynaecol 2007;47:115–21.

28. Asserhøj M, Nehammer S, Matthiessen J, Michaelsen KF, Lauritzen L.
Maternal fish oil supplementation during lactation may adversely affect
long-term blood pressure, energy intake, and physical activity of 7-year-
old boys. J Nutr 2009;139:298–304.

29. Hawkesworth S, Prentice AM, Fulford AJ, Moore SE. Maternal protein-
energy supplementation does not affect adolescent blood pressure in
The Gambia. Int J Epidemiol 2009;38:119–27.

30. Ulbak J, Lauritzen L, Hansen HS, Michaelsen KF. Diet and blood
pressure in 2.5-y-old Danish children. Am J Clin Nutr. 2004;79:
1095–102.

31. Lauritzen L, Eriksen SE, Hjorth MF, Nielsen MS, Olsen SF, Stark
KD, Michaelsen KF, Damsgaard CT. Maternal fish oil supplementation
during lactation is associated with reduced height at 13 years of age and
higher blood pressure in boys only. Br J Nutr 2016;116:2082–90.

32. Aaltonen J, Ojala T, Laitinen K, Piirainen TJ, Poussa TA, Isolauri
E.Evidence of infant blood pressure programming by maternal nutrition
during pregnancy: a prospective randomized controlled intervention
study. J Pediatr 2008;152:18154905.

33. Borge TC, Aase H, Brantsæter AL, Biele G. The importance of
maternal diet quality during pregnancy on cognitive and behavioural
outcomes in children: a systematic review and meta-analysis. BMJ Open
2017;7:e016777.

34. Amati F, Hassounah S, Swaka A.The impact of Mediterranean dietary
patterns during pregnancy on maternal and offspring health. Nutrients
2019;11.E109831108910

35. Biagi C, Nunzio MD, Bordoni A, Gori D, Lanari M.Effect of adherence
to Mediterranean diet during pregnancy on children’s health: a
systematic review. Nutrients 2019;11. E99731052443

36. Fernández-Barrés S, Vrijheid M, Manzano-Salgado CB, Valvi D,
Martínez D, Iñiguez C, Jimenez-Zabala A, Riaño-Galán I, Navarrete-
Muñoz EM, Santa-Marina L, et al. The association of Mediterranean
diet during pregnancy with longitudinal body mass index trajectories
and cardiometabolic risk in early childhood. J Pediatr 2019;206:119–
27.e6.

37. Leermakers ETM, Tielemans MJ, van den Broek M, Jaddoe VWV,
Franco OH, Kiefte-de Jong JC. Maternal dietary patterns during
pregnancy and offspring cardiometabolic health at age 6 years: the
generation R study. Clin Nutr 2017;36:477–84.

38. Chatzi L, Rifas-Shiman SL, Georgiou V, Joung KE, Koinaki S,
Chalkiadaki G, Margioris A, Sarri K, Vassilaki M, Vafeiadi M, et al.
Adherence to the Mediterranean diet during pregnancy and offspring
adiposity and cardiometabolic traits in childhood. Pediatric Obes
2017;12(Suppl 1):47–56.

39. Zhou Z, Li J, Yu Y, Li Y, Zhang Y, Liu L, Song Y, Zhao M, Wang
Y, Tang G, et al. Effect of smoking and folate levels on the efficacy of
folic acid therapy in prevention of stroke in hypertensive men. Stroke
2018;49:114–20.

40. Prevention of neural tube defects: results of the Medical Research
Council Vitamin Study. Lancet North Am Ed 1991;338:131–7.

41. Czeizel AE, Dudás I. Prevention of the first occurrence of neural-tube
defects by periconceptional vitamin supplementation. N Engl J Med
1992;327:1832–5.

42. Crider KS, Bailey LB, Berry RJ. Folic acid food fortification–its history,
effect, concerns, and future directions. Nutrients 2011;3:370–84.

43. McRae MP. High-dose folic acid supplementation effects on endothelial
function and blood pressure in hypertensive patients: a meta-analysis
of randomized controlled clinical trials. J Chiropr Med 2009;8:
15–24.

44. Krikke GG, Grooten IJ, Vrijkotte TGM, van Eijsden M, Roseboom
TJ, Painter RC. Vitamin B12 and folate status in early pregnancy
and cardiometabolic risk factors in the offspring at age 5–6 years:
findings from the ABCD multi-ethnic birth cohort. BJOG 2016;123:
384–92.

Pregnancy nutrition and child blood pressure 959



45. van den Hil LCL, Rob Taal H, de Jonge LL, Heppe DHM, Steegers EAP,
Hofman A, van der Heijden AJ, Jaddoe VWV. Maternal first-trimester
dietary intake and childhood blood pressure: the Generation R Study.
Br J Nutr 2013;110:1454–64.

46. Wang H, Mueller NT, Li J, Sun N, Huo Y, Ren F, Wang X. Association
of maternal plasma folate and cardiometabolic risk factors in pregnancy
with elevated blood pressure of offspring in childhood. Am J Hypertens
2017;30:532–40.

47. Bodnar LM, Simhan HN, Parker CB, Meier H, Mercer BM, Grobman
WA, Haas DM, Wing DA, Hoffman MK, Parry S, et al. Racial or
ethnic and socioeconomic inequalities in adherence to national dietary
guidance in a large cohort of US pregnant women. J Acad Nutr Diet
2017;117:867–77.e3.

48. Wang DD, Leung CW, Li Y, Ding EL, Chiuve SE, Hu FB, Willett
WC. Trends in dietary quality among adults in the United States, 1999
through 2010. JAMA Intern Med 2014;174:1587–95.

49. Jones KM, Power ML, Queenan JT, Schulkin J. Racial and ethnic
disparities in breastfeeding. Breastfeed Med 2015;10:186–96.

50. Hiscock R, Bauld L, Amos A, Fidler JA, Munafò M. Socioeconomic
status and smoking: a review. Ann NY Acad Sci 2012;1248:107–23.

51. Schlesinger S, Neuenschwander M, Schwedhelm C, Hoffmann G,
Bechthold A, Boeing H, Schwingshackl L. Food groups and risk of
overweight, obesity, and weight gain: a systematic review and dose-
response meta-analysis of prospective studies. Adv Nutr 2019;10:
205–18.

52. Ervin RB.Healthy Eating Index-2005 total and component scores for
adults aged 20 and over: National Health and Nutrition Examination
Survey, 2003–2004. Natl Health Stat Report 2011; 1–9. 22432250

53. CDC. Prevalence of coronary heart disease—United States, 2006–2010.
MMWR Morb Mortal Wkly Rep 2011;60:1377–81. 21993341

54. Sontag-Padilla L, Burns RM, Shih RA, Griffin BA, Martin LT,
Chandra A, Tylavsky F. The Urban Child Institute CANDLE study:
methodological overview and baseline sample description [Internet].
RAND Corporation; 2015. [Accessed 2021 Jan 15]. Available from:
https://www.rand.org/pubs/research_reports/RR1336.html

55. Block G, Woods M, Potosky A, Clifford C.Validation of a self-
administered diet history questionnaire using multiple diet records. J
Clin Epidemiol 1990;43:1327–35. 2254769

56. Guenther PM, Kirkpatrick SI, Reedy J, Krebs-Smith SM, Buckman
DW, Dodd KW, Casavale KO, Carroll RJ. The Healthy Eating Index-
2010 is a valid and reliable measure of diet quality according to
the 2010 Dietary Guidelines for Americans 123. J Nutr 2014;144:
399–407.

57. Roy A, Kocak M, Hartman TJ, Vereen S, Adgent M, Piyathilake C,
Tylavsky FA, Carroll KN. Association of prenatal folate status with
early childhood wheeze and atopic dermatitis. Pediatr Allergy Immunol
2018;29:144–50.

58. Krebs-Smith SM, Pannucci TE, Subar AF, Kirkpatrick SI, Lerman JL,
Tooze JA, Wilson MM, Reedy J. Update of the Healthy Eating Index:
HEI-2015. J Acad Nutr Diet 2018;118:1591–602.

59. Flynn JT, Kaelber DC, Baker-Smith CM, Blowey D, Carroll AE, Daniels
SR, de Ferranti SD, Dionne JM, Falkner B, Flinn SK, et al.Clinical
practice guideline for screening and management of high blood pressure
in children and adolescents. Pediatrics 2017;140. 28827377

60. Benowitz NL, Hukkanen J, Jacob P.Nicotine chemistry, metabolism,
kinetics and biomarkers. Handb Exp Pharmacol 2009; 29–60.
10.1007/978-3-540-69248-5_219184645

61. CDC. Defining adult overweight and obesity: overweight & obesity
[Internet]. 2020. [Accessed 2021 Jan 15]. Available from: https://ww
w.cdc.gov/obesity/adult/defining.html.

62. Burniaux J-M, Dang T-T, Fore D, Förster M, d’Ercole MM, Oxley
H. Income distribution and poverty in selected OECD countries
[Internet]. OECD; 1998. [Accessed 2021 Jan 15]. Available
from: https://www.oecd-ilibrary.org/economics/income-distribution-an
d-poverty-in-selected-oecd-countries_730801800603.

63. Derogatis LR, Melisaratos N. The Brief Symptom Inventory: an
introductory report. Psychol Med 1983;13:595–605.

64. Talge NM, Mudd LM, Sikorskii A, Basso O. United States birth weight
reference corrected for implausible gestational age estimates. Pediatrics
2014;133:844–53.

65. Owens JA, Spirito A, McGuinn M.The Children’s Sleep Habits
Questionnaire (CSHQ): psychometric properties of a survey instrument
for school-aged children. Sleep 2000;23:1043–5111145319

66. Coulston AM, Rock CR, Monsen ER, Chapter 1 Dietary assessment
methodology. Nutrition in the prevention and treatment of disease. San
Diego (CA): Academic Press; 2001.

67. Acevedo-Garcia D, McArdle N, Hardy EF, Crisan UI, Romano B,
Norris D, Baek M, Reece J. The Child Opportunity Index: improving
collaboration between community development and public health.
Health Aff 2014;33:1948–57.

68. de Benoist B. Conclusions of a WHO technical consultation on folate
and vitamin B12 deficiencies. Food Nutr Bull 2008;29:S238–44.

69. Chen M-Y, Rose CE, Qi YP, Williams JL, Yeung LF, Berry RJ, Hao
L, Cannon MJ, Crider KS. Defining the plasma folate concentration
associated with the red blood cell folate concentration threshold for
optimal neural tube defects prevention: a population-based, randomized
trial of folic acid supplementation. Am J Clin Nutr 2019;109:1452–61.

70. Chia A-R, Tint M-T, Han CY, Chen L-W, Colega M, Aris IM, Chua
M-C, Tan K-H, Yap F, Shek LP-C, et al. Adherence to a healthy
eating index for pregnant women is associated with lower neonatal
adiposity in a multiethnic Asian cohort: the Growing Up in Singapore
Towards Healthy Outcomes (GUSTO) study. Am J Clin Nutr 2018;107:
71–9.

71. Rodríguez-Bernal CL, Rebagliato M, Iñiguez C, Vioque J, Navarrete-
Muñoz EM, Murcia M, Bolumar F, Marco A, Ballester F. Diet quality
in early pregnancy and its effects on fetal growth outcomes: the Infancia
y Medio Ambiente (Childhood and Environment) mother and child
cohort study in Spain. Am J Clin Nutr 2010;91:1659–66.

72. Shapiro ALB, Kaar JL, Crume TL, Starling AP, Siega-Riz AM, Ringham
BM, Glueck DH, Norris JM, Barbour LA, Friedman JE, et al. Maternal
diet quality in pregnancy and neonatal adiposity: the Healthy Start
Study. Int J Obes 2016;40:1056–62.

73. Lampl M, Lee W, Koo W, Frongillo EA, Barker DJP, Romero R. Ethnic
differences in the accumulation of fat and lean mass in late gestation.
Am J Hum Biol 2012;24:640–7.

74. Rosenblum S, Pal A, Reidy K. Renal development in the fetus and
premature infant. Semin Fetal Neonatal Med 2017;22:58–66.

75. Hinchliffe SA, Sargent PH, Howard CV, Chan YF, van Velzen D. Human
intrauterine renal growth expressed in absolute number of glomeruli
assessed by the disector method and Cavalieri principle. Lab Invest
1991;64:777–84.

76. Sarr O, Yang K, Regnault TR.In utero programming of later adiposity:
the role of fetal growth restriction. J Pregnancy 2012;2012:134758.
10.1155/2012/13475823251802

77. Gabory A, Ferry L, Fajardy I, Jouneau L, Gothié J-D, Vigé A, Fleur C,
Mayeur S, Gallou-Kabani C, Gross M-S, et al. Maternal diets trigger sex-
specific divergent trajectories of gene expression and epigenetic systems
in mouse placenta. PLoS One 2012;7:e47986.

78. Gallou-Kabani C, Gabory A, Tost J, Karimi M, Mayeur S, Lesage
J, Boudadi E, Gross MS, Taurelle J, Vigé A, et al.Sex- and diet-
specific changes of imprinted gene expression and DNA methylation
in mouse placenta under a high-fat diet. PLoS One 2010;5:e14398.
10.1371/journal.pone.001439821200436

79. Stewart CP, Christian P, Schulze KJ, Leclerq SC, West KP, Khatry SK.
Antenatal micronutrient supplementation reduces metabolic syndrome
in 6- to 8-year-old children in rural Nepal. J Nutr 2009;139:1575–81.

80. Wang G, Hu FB, Mistry KB, Zhang C, Ren F, Huo Y, Paige D, Bartell T,
Hong X, Caruso D, et al. Association between maternal prepregnancy
body mass index and plasma folate concentrations with child metabolic
health. JAMA Pediatr 2016;170:e160845.

81. Stroes ES, van Faassen EE, Yo M, Martasek P, Boer P, Govers R,
Rabelink TJ. Folic acid reverts dysfunction of endothelial nitric oxide
synthase. Circ Res 2000;86:1129–34.

82. Jacques PF, Selhub J, Bostom AG, Wilson PWF, Rosenberg IH. The
effect of folic acid fortification on plasma folate and total homocysteine
concentrations. N Engl J Med 1999;340:1449–54.

83. Wall RT, Harlan JM, Harker LA, Striker GE. Homocysteine-induced
endothelial cell injury in vitro: a model for the study of vascular injury.
Thromb Res 1980;18:113–21.

84. Stamler JS, Osborne JA, Jaraki O, Rabbani LE, Mullins M, Singel D,
Loscalzo J. Adverse vascular effects of homocysteine are modulated by
endothelium-derived relaxing factor and related oxides of nitrogen. J
Clin Invest 1993;91:308–18.

85. CDC. Folate status in women of childbearing age, by race/ethnicity–
United States, 1999–2000. MMWR Morb Mortal Wkly Rep
2002;51:808–10.

960 Ni et al.

https://www.rand.org/pubs/research_reports/RR1336.html
https://www.cdc.gov/obesity/adult/defining.html
https://www.oecd-ilibrary.org/economics/income-distribution-and-poverty-in-selected-oecd-countries_730801800603


86. Bach A, Serra-Majem L, Carrasco JL, Roman B, Ngo J, Bertomeu
I, Obrador B. The use of indexes evaluating the adherence to the
Mediterranean diet in epidemiological studies: a review. Public Health
Nutr 2006;9:132–46.

87. Sacks FM, Svetkey LP, Vollmer WM, Appel LJ, Bray GA, Harsha
D, Obarzanek E, Conlin PR, Miller ER, Simons-Morton DG, et al.
Effects on blood pressure of reduced dietary sodium and the Dietary
Approaches to Stop Hypertension (DASH) diet. N Engl J Med
2001;344:3–10.

88. Sotos-Prieto M, Bhupathiraju SN, Mattei J, Fung TT, Li Y, Pan A,
Willett WC, Rimm EB, Hu FB. Changes in diet quality scores and
risk of cardiovascular disease among US men and women. Circulation
2015;132:2212–9.

89. Schwingshackl L, Bogensberger B, Hoffmann G. Diet quality as assessed
by the Healthy Eating Index, Alternate Healthy Eating Index, Dietary
Approaches to Stop Hypertension score, and health outcomes: an
updated systematic review and meta-analysis of cohort studies. J Acad
Nutr Diet 2018;118:74–100.e11.

90. Sandström B. Micronutrient interactions: effects on absorption and
bioavailability. Br J Nutr 2001;85(Suppl 2):S181–5.

91. Picó C, Serra F, Rodríguez AM, Keijer J, Palou A.Biomarkers of
nutrition and health: new tools for new approaches. Nutrients 2019;11.
E109231100942

92. Du T, Fernandez C, Barshop R, Chen W, Urbina EM, Bazzano LA.
2017 pediatric hypertension guidelines improve prediction of adult
cardiovascular outcomes. Hypertension 2019;73:1217–23.

93. Cordero AM, Crider KS, Rogers LM, Cannon MJ, Berry RJ.
Optimal serum and red blood cell folate concentrations in women
of reproductive age for prevention of neural tube defects: World
Health Organization guidelines. MMWR Morb Mortal Wkly Rep
2015;64:421–3.

94. Gillman Matthew W, Cook Nancy R. Blood pressure measurement in
childhood epidemiological studies. Circulation 1995;92:1049–57.

95. Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves J, Hill MN, Jones
DW, Kurtz T, Sheps SG, Roccella EJ. Recommendations for blood
pressure measurement in humans and experimental animals: Part 1:
Blood pressure measurement in humans: a statement for professionals
from the Subcommittee of Professional and Public Education of the
American Heart Association Council on High Blood Pressure Research.
Circulation 2005;111:697–716.

Pregnancy nutrition and child blood pressure 961




