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A B S T R A C T

Background: Overnutrition in utero may increase offspring risk of nonalcoholic fatty liver disease (NAFLD), but the specific contribution of
maternal diet quality during pregnancy to this association remains understudied in humans.
Objectives: This study aimed to examine the associations of maternal diet quality during pregnancy with offspring hepatic fat in early
childhood (median: 5 y old, range: 4–8 y old).
Methods: Data were from 278 mother–child pairs in the longitudinal, Colorado-based Healthy Start Study. Multiple 24-h recalls were
collected from mothers during pregnancy on a monthly basis (median: 3 recalls, range: 1–8 recalls starting after enrollment), and used to
estimate maternal usual nutrient intakes and dietary pattern scores [Healthy Eating Index-2010 (HEI-2010), Dietary Inflammatory Index
(DII), and Relative Mediterranean Diet Score (rMED)]. Offspring hepatic fat was measured in early childhood by MRI. Associations of
maternal dietary predictors during pregnancy with offspring log-transformed hepatic fat were assessed using linear regression models
adjusted for offspring demographics, maternal/perinatal confounders, and maternal total energy intake.
Results: Higher maternal fiber intake and rMED scores during pregnancy were associated with lower offspring hepatic fat in early childhood
in fully adjusted models [Back-transformed β (95% CI): 0.82 (0.72, 0.94) per 5 g/1000 kcal fiber; 0.93 (0.88, 0.99) per 1 SD for rMED]. In
contrast, higher maternal total sugar and added sugar intakes, and DII scores were associated with higher offspring hepatic fat [Back-
transformed β (95% CI): 1.18 (1.05, 1.32) per 5% kcal/d added sugar; 1.08 (0.99, 1.18) per 1 SD for DII]. Analyses of dietary pattern
subcomponents also revealed that lower maternal intakes of green vegetables and legumes and higher intake of “empty calories” were
associated with higher offspring hepatic fat in early childhood.
Conclusions: Poorer maternal diet quality during pregnancy was associated with greater offspring susceptibility to hepatic fat in early
childhood. Our findings provide insights into potential perinatal targets for the primordial prevention of pediatric NAFLD.
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Introduction

The increasing incidence of pediatric nonalcoholic fatty liver
disease (NAFLD) is a concerning public health issue [1,2]. Pe-
diatric NAFLD is closely associated with obesity, insulin resis-
tance, and other metabolic syndrome components [3]. NAFLD in
youth also can progress to more severe forms of the disease,
including nonalcoholic steatohepatitis (NASH) and liver fibrosis
[4–6], which may contribute to a greater burden of disease in
adulthood. Notably, data from the United Network for Organ
Sharing database support that NASH was the most rapidly
growing indication for liver transplantation among young adults
from 2002 to 2012 [7]. Together, this supports the need for more
pediatric-specific research aiming to understand potential risk
factors for youth-onset NAFLD.

The Developmental Origins of Health and Disease theory posits
that suboptimal exposures during vulnerable developmental life
stages, including the in utero period, can induce persistent
metabolic and physiological disturbances that contribute to sus-
ceptibility to chronic diseases, including NAFLD [8], later in life
[9]. Indeed, studies have shown that fetal exposure to markers of
an obesogenic environment in utero, including maternal obesity
[10,11] or specific maternal metabolic markers, such as glucose
and/or lipids [12,13], is predictive of higher offspring hepatic fat
in childhood. Maternal lifestyle during pregnancy, including both
diet and physical activity patterns, may also play a critical role in
influencing offspring NAFLD risk. Specifically, with regard to the
maternal diet, animal models support an association of maternal
high-sucrose and/or high-fat intake during pregnancy with he-
patic steatosis in offspring [14–19]. Understanding the contribu-
tion of maternal diet quality during pregnancy to offspring NAFLD
risk is important, but challenging, because of the complexity of
dietary nutrients and the multiple ways in which these nutrients
interact within the diet as a whole. However, limited evidence
exists in humans on the link between maternal diet quality during
pregnancy and later hepatic fat accrual among offspring.

The overall objective of this study was to examine associations
between maternal diet quality during pregnancy and offspring
hepatic fat in early childhood (~5 y) using data from the longi-
tudinal Healthy Start Study in Colorado. Specifically, we assessed
maternal diet quality using two distinct but complementary
metrics: 1) maternal usual nutrient intakes (that is, for energy,
carbohydrates, protein, and fat), which provide insight into the
effects of maternal macronutrient distribution during pregnancy;
and 2) maternal dietary pattern scores for three a priori indices
[Healthy Eating Index-2010 (HEI-2010), Dietary Inflammation
Index (DII)®, and Relative Mediterranean Diet (rMED) Scores],
which provide insight into the synergistic effects of multiple
foods and beverages consumed together during pregnancy. We
hypothesized that poorermaternal diet quality during pregnancy,
characterized by higher intakes of sugar and fat and lower
adherence to “healthy” dietary patterns, would be associated
with greater offspring hepatic fat accrual in early childhood.

Methods

Study population
The Healthy Start Study is an observational, prebirth cohort

based in Colorado. A total of 1410 pregnant women were
initially enrolled in the study from obstetric clinics at the
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University of Colorado Hospital from 2010 to 2014. Participant
inclusion criteria were >15 y old, no prior stillbirths, <24 weeks
of gestation, singleton pregnancy, and no pre-existing serious
chronic disease (cancer, psychiatric disease, steroid-dependent
asthma, or diabetes). In-person study visits with mother–child
dyads were completed in early pregnancy (median: 17 wk) and
midpregnancy (median: 27 wk), delivery (median postnatal age:
1 d), infancy (2 visits; median age: 5 mo and 22 mo), and early
childhood (median age: 5 y; referred hereafter as the “early
childhood visit”). All participants provided written informed
consent and offspring �7 y at the early childhood visit provided
oral assent for all study procedures. The study was approved by
the Colorado Multiple Institutional Review Board. The Healthy
Start Study is voluntarily registered as an observational study at
clinicaltrials.gov (NCT02273297).

A flow chart summarizing the selection of participants for this
study is shown in Figure 1. A total of 1311 of the 1410 mother–-
child dyads who were initially enrolled in early pregnancy had
valid data for the maternal diet during pregnancy (n¼ 44missing
dietary data, n ¼ 47 missing key dietary covariate information,
and n ¼ 8 with extreme energy intake for all recalls, which we
defined as <500 or >5000 kcal/d similar to prior studies in
pregnant women [20]). All other preprocessing steps performed
on the maternal dietary data are described in detail next under
“Maternal Dietary Assessment.” Subsequently, 911 dyads
returned for an in-person visit during early childhood. Among
those dyads, a subset of 278 children underwent abdominal MRI
in early childhood to assess hepatic fat (the outcome of interest),
which comprised the analytical sample included in regression
analyses to examine the associations between maternal diet dur-
ing pregnancy and hepatic fat of the offspring in early childhood.

Maternal dietary assessment
The maternal diet during pregnancy was assessed by monthly,

24-h dietary recalls using the NCI Automated Self-Administered
24-h recall (ASA24) system [21]. The Nutrition Obesity Research
Center at the University of North Carolina at Chapel Hill assisted
both with data collection by ASA24 and dietary data analysi-
s/processing. Intake of macronutrients and micronutrients were
calculated per participant per recall. MyPyramid Food Equiva-
lents were also derived using the United States Department of
Agriculture’s MyPyramid Equivalents Database (versions 1.0 and
2.0). Up to eight recalls were completed per participant, starting
from the first study visit in early pregnancy through the end of
pregnancy, resulting in a total of 3957 recalls completed by 1366
participants in pregnancy (23% with one recall, 27% with two
recalls, 18% with three recalls, 13% with four recalls, 10% with
five recalls, and 10% with six or more recalls). Among these, we
excluded 59 recalls that were missing intake day of the week or
gestational age at intake (key covariates for estimating usual
intake; corresponding to n ¼ 47 participants excluded) and 68
recalls with extreme energy intake (defined as <500 or >5000
kcal/d; corresponding to n ¼ 8 participants excluded). The
remaining 3830 recalls completed by 1311 participants across
pregnancy were then used to calculate maternal usual nutrient
intakes and dietary pattern scores.

Calculation of maternal usual nutrient intakes
The NCI method was used to estimate usual macronutrient

intakes during pregnancy from the repeated ASA24 dietary
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FIGURE 1. Flowchart summarizing the selection of participants.

C.C. Cohen et al. The Journal of Nutrition 153 (2023) 1122–1132
recalls [22–26]. The macronutrients of interest were total en-
ergy, total carbohydrates, total sugar, added sugar, total protein,
total fat, SFA, MUFA, and PUFA intake. Because all nutrients of
interest were consumed by everyone on an almost daily basis, we
used a 1-part, “amount only” model to predict usual intake. The
exception was for added sugar, which was not consumed in 20
recalls (equating to <1% of all recalls); thus, prior to modeling,
any zero intake values were replaced with a half of the minimum
intake for added sugar among consumers [27]. We used the NCI
macros NLMIXED_UNIVARIATE, NLMIXED_BIVARIATE, DIS-
TRIB_BIVARIATE, and PREDICT_INTAKE_DENSITY (v1.2 for all)
in SAS (v9.4) to model the usual intake for each nutrient as a
nutrient density relative to energy intake (that is, % kcal/d,
except for fiber, which was calculated as g/1000 kcal/d). All
available recalls per participant across pregnancy were used for
modeling, and all models were adjusted for covariates known to
impact dietary intake when calculating usual intake, including
recall sequence, day of the week (weekend compared with
weekday), and gestational age at intake. The output was then
used in downstream regression analyses to examine measure-
ment error-corrected associations of maternal usual nutrient
intake densities with offspring hepatic fat in early childhood. All
SAS macros can be downloaded from the NCI website:
https://prevention.cancer.gov/research-groups/biometry/mea
surement-error-impact/.

Calculation of maternal dietary pattern scores
We also calculated maternal scores for three a priori dietary

pattern indices (HEI-2010, DII, and rMED) during pregnancy.
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Our goal in calculating three indices was to assess maternal
adherence to different dietary patterns that are each defined by a
unique combination of foods and/or nutrient intakes that relate
to specific mechanisms of action (for example, inflammation),
helping us to understand whether one dietary pattern is more
beneficial than another in relation to offspring hepatic fat con-
centrations. In addition, all three dietary pattern indices have
been associated with markers of altered neonatal development
among offspring in the Healthy Start Study (that is, neonatal
adiposity for HEI-2010 and DII [28,29] and cord blood DNA
methylation for rMED [30]).

Healthy Eating Index-2010 (HEI-2010)
The HEI-2010 was developed to assess the diet quality based

on adherence to the 2010 Dietary Guidelines for Americans,
which would have been the current dietary guidelines at the time
that maternal dietary intake was assessed in this study. Specif-
ically, HEI-2010 consists of nine adequacy components (total
fruit, whole fruit, total vegetables, greens and beans, whole
grains, dairy, total protein, seafood and plant proteins, and fatty
acids) and three moderation components (refined grains, so-
dium, and empty calories) [31,32]. As previously described [28],
we calculated the average intake of each component across
multiple recalls during pregnancy, and then converted intake to
densities per 1000 kcal/d, except for the FA ratio subcomponent,
which was calculated as the ratio of PUFA þ MUFA intake (g/d)
divided by SFA intake (g/d). Alcohol was not included in the
“empty calories” component because consumption during preg-
nancy was minimal (<13 g alcohol/1000 kcal per recall).

https://prevention.cancer.gov/research-groups/biometry/measurement-error-impact/
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Subcomponents were then scored from 0 to 5, 0 to 10, or 0 to 20
using published criteria [32], resulting in total scores that ranged
from 0 (lowest adherence) to 100 (highest adherence). This was
performed using SAS macros from the NCI website (https
://epi.grants.cancer.gov/hei/sas-code.html).

Dietary Inflammation Index (DII)
The DII was developed as an indicator of the inflammatory

potential of an individual’s diet based on intake of dietary
components shown to be associated with increased or decreased
concentrations of circulating inflammatory markers [33]. DII
scores were calculated based on average intake across multiple
recalls during pregnancy for 28 nutrient intakes, as previously
described [29]: energy, total fat, SFA, MUFA, PUFA, ω-3 PUFAs,
ω-6 PUFAs, trans-fat, total carbohydrates, fiber, protein, choles-
terol, iron, Vitamin A, Vitamin C, Vitamin D, Vitamin E, niacin,
thiamine, riboflavin, Vitamin B6, Vitamin B12, folic acid, mag-
nesium, zinc, selenium, alcohol, and caffeine. Inflammatory ef-
fect scores, which indicate the relative contribution of each
nutrient to the final II score, were computed based on 1943
peer-reviewed articles, as described by Shivappa et al. [33].
Specifically, scores were first assigned as “þ1” for
anti-inflammatory nutrients and “�1” for proinflammatory nu-
trients and then adjusted based on the total number of articles
that cited its pro- or anti-inflammatory effects. DII scores were
calculated by standardizing nutrient intakes to global means,
multiplying by their inflammatory effect scores, and taking the
sum across nutrients [33].

Relative Mediterranean Diet Score (rMED)
The rMED score was developed to assess adherence to a

Mediterranean-style diet based on nine key food groups (vege-
tables (excluding potatoes), legumes, fruits/nuts/seeds, fish and
seafood, cereals, meat, dairy, olive oil, and alcohol) [34]. For this
study, we used an adjusted rMED score that excluded alcohol due
to the recommendation of no alcohol consumption during
pregnancy, similar to others [35]. As previously described [30],
for each food group, we calculated the average intake for each
food group across multiple recalls during pregnancy, converted
average intake to densities (per 1000 kcal/d), and then assigned
a score of 0, 1, or 2 to the first, second, or third tertile of intake,
respectively. For meat and dairy, tertile scoring was reversed
(that is, higher consumption ¼ lower score). For legumes,
fish/seafood, and olive oil, intake had a skewed distribution due
to a high prevalence of nonconsumers, which made it difficult to
calculate tertiles. Instead, we set the first category to 0, which
included >33% of the participants, and then defined the second
and third categories by splitting the rest of the participants based
on the median intake among those who consumed each food
group. Total scores were calculated by summing subscores for all
food groups and ranged from 0 (lowest) and 16 (highest
adherence).
Offspring hepatic fat assessment
At the early childhood visit (when offspring were ~5 y of

age), an abdominal MRI was performed on offspring participants
to measure hepatic fat content, as previously described [36].
Briefly, a series of T1-weighted coronal images were acquired by
trained technicians using a 3T HDx imager scanner (General
Electric) or a 3T Skyra scanner (Siemens AG) while participants
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were awake and laying in the supine position. Hepatic fat was
measured using a validated, multi-inference, 6-point MRI–pro-
ton density fat fraction technique and the Lipoquant plug-in for
OsiriX [37], as previously described [36].

Covariate assessment
Maternal assessments performed during pregnancy have been

described in detail [38–40]. Maternal sociodemographic vari-
ables, including race and ethnicity, education, household in-
come, and maternal smoking during pregnancy were assessed by
self-reported questionnaires during pregnancy. Prepregnancy
BMI was calculated using maternal height measured at the first
research visit and prepregnancy weight obtained from medical
records at the first prenatal visit (91%) or self-reported at the
first research visit [40]. Physical activity in pregnancy was
assessed using the Pregnancy Physical Activity Questionnaire
[41] as average metabolic equivalents (METs) in hours per week.
All women were screened for gestational diabetes mellitus at
24–28 wk and results were abstracted from medical records. At
both visits during pregnancy, fasting blood draws were also
performed and used to measure maternal triglycerides [assessed
using an AU400e Chemistry Analyzer (Olympus America Inc.)],
as well as other metabolic markers, by the Clinical and Trans-
lational Research Center Core Laboratory at University of Colo-
rado Hospital. Offspring sex was abstracted from medical
records, and offspring race and ethnicity were determined by
maternal self-report. At the early childhood visit, offspring
height (cm) and weight (kg) were measured and BMI z-scores
and percentiles were calculated using CDC 2000 growth charts
[42]. Offspring fat mass, fat-free mass, and percent body fat were
assessed by air displacement plethysmography [BODPOD
(COSMED Inc.) with the pediatric option].

Statistical analyses
We tested associations of each maternal dietary predictor

during pregnancy, the independent variable, with offspring he-
patic fat in early childhood, and the dependent variable, using
multivariable-adjusted linear regression models. Hepatic fat data
were natural log-transformed prior to analyses to ensure nor-
mally distributed residuals in regression. We examined the effect
of potential confounders on associations by adjusting models for
covariates as follows: model 1 ¼ unadjusted; model 2 ¼ adjusted
for offspring sex, offspring race and ethnicity, and offspring age
in early childhood (y), maternal age at enrollment (y), maternal
education (<12th grade, high school diploma, some college or
associate degree, college degree, or graduate degree), parity (0,
1, or 2þ prior live births), prepregnancy BMI (kg/m2), smoking
during pregnancy (any/none), and physical activity (METs-h/
wk) during pregnancy;model 3¼ adjusted for model 2 covariates
plus maternal total energy intake (kcal/d) during pregnancy. In
base models (model 1), we tested for effect modification by child
sex using product interaction terms but found no evidence of a
significant interaction (all P >0.05). Therefore, all results were
reported for both sexes combined. To enhance the interpret-
ability of estimates due to log transformation of the outcome, all
regression estimates and 95% CIs were back transformed and,
therefore, reflect the percentage change in offspring hepatic fat
associated with each maternal dietary predictor (per 5 unit in-
crease for maternal usual nutrient intakes and per 1 SD increase
for maternal dietary pattern scores). We also reported whether P

https://epi.grants.cancer.gov/hei/sas-code.html
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TABLE 1
Characteristics of mother–child dyads (n ¼ 278)

Maternal characteristics in
pregnancy

n Mean (SD) or n (%)

Age at enrollment (y), mean (SD) 278 28.6 (5.8)
Maternal education, n (%) 278
<12th Grade 32 (11%)
High school diploma 33 (12%)
Some college or associate degree 71 (26%)
College degree 74 (27%)
Graduate degree 68 (24%)

Household income, n (%) 278
<$40,000 78 (28%)
$40,000–$70,000 52 (19%)
>$70,000 104 (37%)
Missing/do not know 44 (16%)

Parity, n (%) 278
0 Prior live births 136 (49%)
1 Prior live births 91 (33%)
2þ Prior live births 51 (18%)

Prepregnancy BMI (kg/m2), mean
(SD)

278 26.9 (7.2)

Physical activity (MET-h/wk), mean
(SD)

278 191.1 (94.1)

Reported energy intake (kcal/d),
mean (SD)

278 2080 (664)

Gestational smoking, n (%) 278 15 (5%)
Offspring characteristics in early
childhood

n Mean (SD) or n (%)

Age (y), mean (SD) 278 4.8 (0.8)
Male sex, n (%) 278 134 (48%)
Race/ethnicity, n (%) 278
Hispanic 75 (27%)
Non-Hispanic White 147 (53%)
Non-Hispanic Black 32 (12%)
Non-Hispanic Other 24 (9%)

BMI category, n (%)1 277
Underweight (<5th percentile) 22 (8%)
Normal (5th to <85th percentile) 219 (79%)
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values were below Bonferroni-corrected thresholds adjusted for
multiple testing [P <0.005 for maternal nutrient intakes (α ¼
0.05/10 nutrients) and P<0.0167 for dietary pattern scores (α¼
0.05/3 dietary pattern scores)]. All analyses were performed in
SAS (version 9.4).

Post hoc analyses
After estimating the associations of maternal dietary pattern

total scores with offspring hepatic fat, we further explored the
associations of maternal dietary pattern subcomponents with
offspring hepatic fat using similar linear regression models as
above. This was performed for the 12 HEI-2010 subcomponents
and 8 rMED subcomponents, using maternal intake density for
each subcomponent as the independent variable in models. We
did not explore the associations of the 28 DII subcomponents due
to multiple testing concerns and because the DII was designed as
a global measure of diet-associated inflammation.

Sensitivity analyses
We conducted sensitivity analyses to assess whether associa-

tions were robust to adjustment for other covariates of interest
that were only available in a subset of participants. First, given
our prior finding that maternal triglycerides were also associated
with offspring hepatic fat in early childhood in this same cohort
[12] and may mediate our findings, we compared results if we
also adjusted for maternal triglycerides during pregnancy
(assessed as average triglycerides across visits during preg-
nancy). Second, given other studies have shown that offspring
adiposity may mediate associations of maternal overnutrition
with offspring hepatic fat [10,43], we also compared results if we
adjusted for offspring adiposity in early childhood (assessed as
percent body fat). Across the sensitivity analyses, we compared
the direction, magnitude, and precision of estimates before
compared with after adjustment for the above covariates.
Overweight (85th to <95th
percentile)

22 (8%)

Obesity (�95th percentile) 14 (5%)
Hepatic fat (%), median (IQR) 278 1.7 (1.2, 2.2)

MET, metabolic equivalents.
Results

Characteristics of participants
Characteristics of the mother–child dyads included in this

study are shown in Table 1. The mean (SD) age of offspring at the
early childhood visit was 4.8 � 0.8 y. Approximately half of the
children were non-Hispanic White (53%), followed by 27%
Hispanic and 21% non-Hispanic Black or other, and most chil-
dren were normal weight (79%) according to age- and sex-
specific BMI percentiles (Table 1). The characteristics of this
analytical sample were similar to the full sample of 1410
mother–child dyads enrolled in early pregnancy in terms of key
sociodemographic and maternal/perinatal variables (Supple-
mental Table 1), except that our analytical sample had a higher
percentage of mothers with a college or graduate degree (51%)
and less gestational smoking (5%) compared with the full sample
(44% with college or graduate degree and 9% gestational
smoking). Correlations among the maternal dietary predictors of
interest are reported in Supplemental Table 2.
Associations of maternal usual nutrient intakes in
pregnancy with offspring hepatic fat

Estimates for the association of maternal usual nutrient in-
takes during pregnancy with offspring hepatic fat in early
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childhood from multivariable-adjusted linear regression models
are shown in Table 2. Higher maternal fiber intake during
pregnancy was associated with lower offspring log-hepatic fat in
early childhood, and higher maternal total sugar and added
sugar intakes during pregnancy were associated with higher
offspring log-hepatic in early childhood in all three models
(Table 2, all P <0.05).
Associations of maternal dietary pattern scores in
pregnancy with offspring hepatic fat

The mean (SD) for each maternal dietary pattern score were
56.2 (14.0) for HEI-2010 (range: 20.3–89.5); 0.32 (1.53) for DII
(range: �3.8, 4.0); and 6.4 (2.4) for rMED (range: 0–15). Esti-
mates for associations of each maternal dietary pattern score
during pregnancy with offspring hepatic fat in early childhood
from multivariable-adjusted linear regression models are shown
in Table 3. Maternal HEI-2010 score during pregnancy was not
associated with offspring hepatic fat in any of the models
(Table 3). However, higher maternal DII score was associated
with higher offspring hepatic fat in model 1 (P ¼ 0.03;



TABLE 2
Associations of maternal usual nutrient intake with offspring log-hepatic fat in early childhood (n ¼ 278)

Nutrient Mean (SD) Model 11 Model 22 Model 33

β (95% CI)4 P β (95% CI)4 P β (95% CI)4 P

Energy (kcal/d) 2080 (664) 1.00 (0.97, 1.02) 0.76 0.99 (0.97, 1.02) 0.66 1.02 (0.98, 1.08) 0.33
CHO (% kcal/d) 50.4 (7.6) 1.02 (0.93, 1.12) 0.69 1.03 (0.94, 1.13) 0.52 1.04 (0.94, 1.14) 0.44
Fiber (g/1000 kcal) 9.4 (3.8) 0.89 (0.79, 0.99) 0.035 0.86 (0.75, 0.98) 0.021 0.82 (0.72, 0.94) 0.005*
Total sugar (% kcal/d) 23.3 (6.8) 1.11 (1.01, 1.21) 0.023 1.13 (1.03, 1.23) 0.010 1.15 (1.05, 1.26) 0.004*
Added sugar (% kcal/d) 11.9 (5.8) 1.12 (1.01, 1.25) 0.032 1.16 (1.03, 1.29) 0.011 1.18 (1.05, 1.32) 0.004*

Protein (% kcal/d) 16.1 (3.7) 1.01 (0.87, 1.17) 0.92 1.03 (0.88, 1.21) 0.68 0.98 (0.82, 1.17) 0.83
Total fat (% kcal/d) 35.1 (6.1) 0.97 (0.86, 1.09) 0.60 0.95 (0.84, 1.08) 0.43 0.95 (0.84, 1.08) 0.42
Saturated fat (% kcal/d) 12.2 (3.0) 1.04 (0.82, 1.32) 0.73 1.07 (0.84, 1.36) 0.59 0.99 (0.75, 1.31) 0.96
Monounsaturated fat (% kcal/d) 12.6 (2.5) 1.10 (0.84, 1.43) 0.49 1.06 (0.81, 1.38) 0.68 0.92 (0.66, 1.30) 0.65
Polyunsaturated fat (% kcal/d) 7.3 (2.4) 1.02 (0.74, 1.41) 0.91 1.01 (0.72, 1.41) 0.96 0.82 (0.54, 1.25) 0.35

1 Model 1: Unadjusted.
2 Model 2: Adjusted for offspring sex, race/ethnicity, and age in early childhood, maternal age at enrollment, maternal education, parity, pre-

pregnancy BMI, smoking during pregnancy, and physical activity during pregnancy.
3 Model 3: Adjusted for model 2 covariates plus maternal energy intake (kcal/d) during pregnancy.
4 Coefficients are back transformed and represent the ratio of geometric means for the dependent variable (that is, the percentage change in

offspring hepatic fat) per 5 unit increase in each maternal usual nutrient intake during pregnancy; except for energy intake (þ100 kcal/d). Asterisk
(*) indicates Bonferroni-corrected P <0.005 (α ¼ 0.05/10 nutrients).
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unadjusted) and model 2 (P ¼ 0.03; adjusted for offspring and
maternal confounders) (Table 3). After adjusting for maternal
energy intake during pregnancy in model 3, the magnitude of the
association between maternal DII scores and offspring hepatic fat
was unchanged, but the association was no longer significant (P
¼ 0.07) (Table 3). In contrast, a higher maternal rMED score was
associated with lower offspring hepatic fat, although the associ-
ation was significant only in model 3 (adjusted for offspring and
maternal confounders and maternal energy intake during preg-
nancy; P ¼ 0.036) (Table 3).
Post hoc analyses of dietary pattern subcomponents
Associations of the subcomponents for maternal HEI-2010

and rMED scores during pregnancy with offspring hepatic fat
from linear regression models are shown in Figures 2 and 3,
respectively, and summarized in Supplemental Table 3. Among
the HEI-2010 subcomponents, maternal “greens and beans”
intake (in cup equivalents/1000 kcal) was associated with lower
offspring hepatic fat in early childhood, and maternal “empty
calories” intake (in % kcal/d) was associated with higher
offspring hepatic fat in fully adjusted linear regression models
TABLE 3
Associations of maternal dietary pattern scores with offspring log-hepatic f

Dietary pattern: Mean (SD)4 Model 11

β (95% CI)5 P

HEI-2010 Score 56.1 (14.0) 0.97 (0.92, 1.03) 0.32
DII Score 0.32 (1.53) 1.07 (1.01, 1.13) 0.030
rMED Score 6.4 (2.4) 0.95 (0.90, 1.01) 0.09

DII, dietary inflammatory index; HEI-2010, Healthy Eating Index-2010; rM
1 Model 1: Unadjusted.
2 Model 2: Adjusted for offspring sex, race/ethnicity, and age in early ch

pregnancy BMI, smoking during pregnancy, and physical activity during p
3 Model 3: Adjusted for model 2 covariates plus maternal energy intake
4 The ranges for each score among participants in this sample were as fo
5 Coefficients are back transformed and represent the ratio of geometric m

hepatic fat) per 1 SD increase in each dietary pattern score during pregna
dietary pattern scores).
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(model 3) (Figure 2, Supplemental Table 3). Among the rMED
subcomponents, we found marginal inverse associations of
maternal legume intake (in cup equivalents/1000 kcal) and
offspring hepatic fat, and marginal positive associations of
maternal meat intake (in oz equivalents/1000 kcal) with
offspring hepatic fat; however, none of these associations were
significant (Figure 3, Supplemental Table 3).
Sensitivity analyses
In sensitivity analyses, we found that most associations of

maternal nutrient intakes and dietary pattern scores with
offspring hepatic fat were unchanged in terms of directionality,
effect size, and significance when additionally adjusted for
average maternal triglycerides during pregnancy or offspring
percentage of body fat in early childhood (Supplemental Table 4).

Discussion

In this study, we comprehensively examined the associations
of maternal diet quality during pregnancy, assessed both in terms
of individual nutrient intakes and a priori dietary patterns, with
at in early childhood (n ¼ 278)

Model 22 Model 33

β (95% CI)5 P β (95% CI)5 P

0.97 (0.91, 1.04) 0.36 0.97 (0.90, 1.03) 0.30
1.08 (1.01, 1.15) 0.030 1.08 (0.99, 1.18) 0.07
0.94 (0.88, 1.00) 0.05 0.93 (0.88, 0.99) 0.036

ED, Relative Mediterranean Diet Score.

ildhood, maternal age at enrollment, maternal education, parity, pre-
regnancy.
(kcal/d) during pregnancy.
llows: HEI-2010, 20.3 to 89.5; rMED, 0 to 15; and DII, �3.8 to 4.0.
eans for the dependent variable (that is. the percent change in offspring
ncy. Asterisk (*) indicates Bonferroni-corrected P <0.017 (α ¼ 0.05/3



FIGURE 2. Associations of HEI-2010 subcomponents
with offspring hepatic fat in early childhood (n ¼ 278).
Points and error bars are back-transformed regression
estimates and 95% CIs, respectively, and represent the
ratio of geometric means for the dependent variable
(that is, the percent change in offspring hepatic fat)
per 1 SD increase in each dietary pattern subcompo-
nent. Asterisk (*) indicates associations with P <0.05.
All estimates are from linear regression models
adjusted for offspring sex, race, ethnicity, age in early
childhood, maternal age at enrollment, maternal edu-
cation, parity, prepregnancy BMI, smoking during
pregnancy, physical activity during pregnancy, and
maternal energy intake (kcal/d) during pregnancy.
HEI-2010, Healthy Eating Index-2010.
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offspring hepatic fat measured by MRI in early childhood. Lower
maternal fiber intake and higher maternal sugar intake, partic-
ularly as added sugar, were associated with higher offspring
hepatic fat, pointing to a potential involvement of carbohydrate
quality during pregnancy as a risk factor. In addition, lower
adherence to a Mediterranean diet pattern and higher adherence
to a proinflammatory diet pattern were associated with higher
offspring hepatic fat in early childhood. These findings remained
unchanged after adjusting for potential confounders like pre-
pregnancy BMI and total energy intake during pregnancy, sug-
gesting that the effects were independent of maternal energy
balance. Additional studies are needed to confirm these initial
findings; however, overall, our results suggest that maternal diet
quality during pregnancy may be a lifecourse exposure associ-
ated with offspring risk of NAFLD.
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Our findings underscore the value of considering both indi-
vidual dietary components and holistic dietary patterns when
assessing diet quality, an approach that also aligns with studies
showing that both single- and multicomponent dietary in-
terventions can be effective in improving health outcomes in
adults [44,45]. With respect to maternal nutrient intakes during
pregnancy, we observed opposing associations of maternal fiber
intake (protective) and maternal added sugar intake (detri-
mental) with offspring hepatic fat. Consistent with these find-
ings, our analyses evaluating the effects of dietary pattern
subcomponents also showed that intake of fiber-rich food groups
such as green vegetables and legumes (subcomponents of
HEI-2010 and rMED scores) were associated with lower offspring
hepatic fat, whereas the intake of energy-dense “empty calories”
(a subcomponent of HEI-2010 that includes added sugar from
FIGURE 3. Associations of rMED subcomponents with
offspring hepatic fat in early childhood (n ¼ 278).
Points and error bars are back-transformed regression
estimates and 95% CIs, respectively, and represent the
ratio of geometric means for the dependent variable
(that is, the percent change in offspring hepatic fat)
per 1 SD increase in each dietary pattern subcompo-
nent. Asterisk (*) indicates associations with P <0.05.
All estimates are from linear regression models
adjusted for offspring sex, race, ethnicity, age in early
childhood, maternal age at enrollment, maternal edu-
cation, parity, prepregnancy BMI, smoking during
pregnancy, physical activity during pregnancy, and
maternal energy intake (kcal/d) during pregnancy.
rMED, Relative Mediterranean Diet Score.
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sugar-sweetened beverages) was associated with higher
offspring hepatic fat.

Different mechanisms may explain the associations we found
between these maternal nutrient intakes and offspring NAFLD
susceptibility. For example, our findings are consistent with ev-
idence that higher intake of dietary fiber and low-GI carbohy-
drates during pregnancy are associated with better maternal
weight control and improved metabolic homeostasis [46–49],
which may be mediating factors underlying our findings. Our
results, however, were relatively unchanged in sensitivity ana-
lyses adjusted for maternal triglycerides during pregnancy, a
metabolic marker previously associated with offspring hepatic
fat in early childhood in this same mother–child cohort [12].
This suggests that maternal triglyceride concentrations do not
mediate the associations observed in this analysis. Alternatively,
maternal fiber or sugar intake during pregnancy have been
associated with gut microbiota alterations in mothers and/or
offspring [50–53], which may, in turn, predispose offspring to
fatty liver via metabolic and inflammatory pathways [19]. Such
microbiome changes [54], as well as other in utero metabolic
alterations related to placental inflammation, oxidative stress,
and/or fetal adipose tissue physiology [55–57], represent bio-
logical pathways that may be linking maternal diet quality with
offspring risk of NAFLD and will need to be explored as a future
direction.

We also examined associations of a priori maternal dietary
patterns during pregnancy, which capture the synergistic effects
of foods and beverages consumed together, with offspring he-
patic fat. This analysis showed that higher scores for a proin-
flammatory diet pattern and lower scores for a Mediterranean-
style diet pattern predicted higher offspring hepatic fat in early
childhood. To our knowledge, no other human studies of these
dietary pattern indices during pregnancy have focused on
offspring hepatic fat specifically as an outcome, although studies
have assessed associations with other measures of offspring size.
Notably, higher DII scores during pregnancy (reflecting a more
inflammatory diet) have been associated with smaller size at
birth (both in terms of weight and length) [58–60], whereas
higher Mediterranean diet scores during pregnancy have been
associated with increased placental weight and fetal size [61],
and lower risk of fetal growth restriction [62] and low birth
weight [63]. Related to these findings, we recently showed that
body composition trajectories characterized by smaller birth size
followed by faster rates of adiposity accretion in the first 5 y were
a risk factor for higher hepatic fat in early childhood among
offspring in the Healthy Start Study [64]. Taken together, these
findings suggest that offspring size and/or body composition
early in life should be investigated in the future as mediating
factors that may link maternal dietary patterns with offspring
hepatic fat later in childhood.

Limitations of this study include using a self-reported method
(24-h dietary recalls) to assess maternal dietary intake, which
may be prone to recall and social desirability biases. We did,
however, take several steps to limit the measurement error, such
as performing multiple, repeated 24-h dietary recalls [65],
calculating usual nutrient intakes using the NCI method [22,24],
and assessing energy-adjusted associations [66]. We also evalu-
ated maternal diet quality using 2 approaches (based on usual
nutrient intakes and dietary pattern adherence) and, although
this provided a comprehensive assessment of the exposure of
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interest, only a few maternal diet–offspring hepatic fat associa-
tions survived multiple testing corrections. As such, our work
will need to be replicated in other studies. In this study, we did
not assess trimester-specific associations of maternal diet with
offspring hepatic fat and instead focused on average diet across
multiple dietary recalls that spanned from mid-to-late preg-
nancy. We also did not explore whether postnatal dietary expo-
sures, such as breastfeeding during infancy or diet quality during
childhood, have mediating or modifying effects on the observed
associations. Both of these research questions will be important
future research directions. Strengths of this study include the use
of a sophisticated MRI–proton density fat fraction technique to
assess offspring hepatic fat in early childhood, which is more
sensitive and specific than other methods of detecting hepatic
fat, such as ultrasound [67], increasing the reproducibility and
rigor of our findings. The longitudinal study design, starting with
comprehensive assessments of mothers in early pregnancy and
continuing on offspring through infancy and childhood, allowed
us to assess the temporality of associations and adjust for a va-
riety of covariates.

In conclusion, poorer maternal diet quality during pregnancy,
particularly characterized by lower carbohydrate quality (lower
fiber and higher sugar), lower adherence to a Mediterranean diet
pattern, and higher adherence to a proinflammatory diet pattern,
was associated with offspring hepatic fat in early childhood (~5
y old) independent of child adiposity. Although additional
research is needed to validate these findings in other populations
and determine the underlying mechanisms at play, our findings
may help to inform prenatal dietary interventions aimed at
improving metabolic health and reducing NAFLD risk among
offspring.
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