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Abstract

Objective—To determine if fetal overnutrition resulting from maternal obesity or gestational
diabetes mellitus (GDM) is associated with increased liver fat during adolescence, adjusting for
past and current metabolic risk factors.

Study design—Data come from a historical prospective cohort study (Exploring Perinatal
Outcomes in Children) of 254 mother-child pairs in Colorado who participated in 2 research visits
at T1 (mean age 10.4, SD = 1.5 years) and at T2 (mean age 16.4, SD = 1.5 years), and had
complete exposure and outcome data. Multiple linear regression was used to evaluate the effects of
pre-pregnancy body mass index (BMI) and GDM on hepatic fat fraction (HFF) by magnetic
resonance imaging at T2.

Results—Maternal pre-pregnancy obesity (BMI 30+) was significantly associated (8= 1.59, CI
= 0.66, 2.52) with increased HFF relative to mothers with normal pre-pregnancy weight (BMI
<25) independent of maternal GDM and sociodemographic factors. Moreover, this association was
independent of T2 and T1 metabolic risk factors (acanthosis nigricans, BMI, fasting glucose) (8=
1.03, Cl =0.10, 1.97). Prenatal GDM exposure was not associated with HFF in either unadjusted
or adjusted models.

Conclusions—Maternal pre-pregnancy obesity was associated with increased HFF in offspring
independent of childhood and adolescent adiposity. Intervention studies are needed to test the
hypothesis that maternal obesity is a modifiable risk factor for childhood fatty liver disease.

The intrauterine environment is critical for the growth and development of the fetus. Prior
research has also demonstrated clear associations between the intrauterine environment and
later metabolic risk in offspring as it relates to fetal overnutrition. Specifically, maternal pre-
pregnhancy overweight and obesity and gestational diabetes mellitus (GDM) during
pregnancy have each been associated with increased risk of obesity, metabolic syndrome,
and type 2 diabetes later in life.1
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Despite interest and research in metabolic risks associated with these intrauterine exposures,
there are limited data on potential associations with either adolescent liver fat accumulation
or nonalcoholic fatty liver disease (NAFLD), an increasingly prevalent condition in the
pediatric population.® Elevated visceral or organ fat, such as elevated liver fat, is associated
with elevated risk of atherosclerosis,” type 2 diabetes mellitus,® and long-term liver damage.
9 NAFLD includes a spectrum of disorders, including simple steatosis, non-alcoholic
steatohepatitis, inflammation and fibrosis, cirrhosis, and hepatocellular carcinoma.10:11
NAFLD has become the leading chronic liver disease in the world, present in ~30% of adults
who are usually obese in association with high-fat diets and physical inactivity.10

One large epidemiologic study of these exposures and NAFLD in children and adolescents,
12 the Avon Longitudinal Study of Parents and Children (ALSPAC) in the United Kingdom,
reported that maternal overweight/obesity and GDM were each associated with higher levels
of ultrasound assessed hepatic fat; however, when adjusted for offspring obesity, the
association with maternal overweight/obesity disappeared, whereas the association of
maternal GDM did not. There were also 2 similar smaller studies conducted in the US.13.14
Using a contemporary US cohort in Colorado, we aimed to study whether maternal pre-
pregnancy obesity and prenatal GDM exposure are associated with increased adolescent
hepatic fat fraction (HFF) as measured by magnetic resonance imaging (MRI), a marker for
fatty liver. In addition, we examined whether such associations were mediated by childhood
and adolescent obesity, a marker associated with insulin-resistance and elevated glucose
levels.

Data come from the Exploring Perinatal Outcomes in Children (EPOCH) study, a historical
prospective cohort study of 604 mother-child pairs who were members of Kaiser
Permanente of Colorado at the time of the child’s birth.1®> The EPOCH study was designed
to explore the effects of fetal overnutrition on childhood adiposity-related outcomes, with a
special focus on exposure to maternal GDM and obesity. Thus, by design, the study
oversampled on maternal obesity and GDM exposure. Approximately one-quarter (24.0%)
of the sample youth were exposed to GDM and one-half (50.6%) of the mothers in the
sample had pre-pregnancy BMI levels that were either overweight or obese prior to the start
of the index pregnancy. A first EPOCH visit (T1) was conducted when youth were, on
average, 10.4 years of age (SD = 1.5) during 2005-2010 (n = 604). A second visit (T2) took
place during 2011-2015 when youths were on average 16.4 years (SD = 1.5) (n = 417). The
Colorado Multiple Institutional Review Board approved the EPOCH study. Mothers
provided written informed consent, and youth provided written assent. This report includes
254 participants who completed both T1 and T2 visits and had nonmissing exposure and
outcome data (Figure).

The exposures of interest were mother’s pre-pregnancy obesity status and GDM. Maternal
weight before the last menstrual cycle preceding pregnancy (from the Kaiser Permanente of
Colorado records) and measured maternal height at the first research visit were used to
calculate pre-pregnancy body mass index (BMI) as weight (kg)/height (m2). Mothers were
categorized as underweight or normal (BMI <24.9), overweight (25.0-29.9), and obese
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(30.0+). All pregnant women were routinely screened for GDM at 24-28 weeks using the 2-
step standard protocol.16 We elected to combine maternal prepregnant underweight (n = 8)
and normal weight (n = 120) because of too few cases of maternal pre-pregnancy
underweight for separate analyses. GDM was diagnosed if glucose values exceeded 2 SD
thresholds set by the National Diabetes Data Group on the 3-hour, 100 g oral glucose
tolerance test.1’

The outcome variable in this study was the HFF obtained by MRI at T2. Hepatic imaging
was performed using a magnitude based, 6-echo, spoiled gradient-recalled echo sequence,18
which allowed correction for T2* effects. HFF was calculated from the mean pixel signal
intensity data, for each echo acquisition using an open source Osirix algorithm.1® This
fraction was then multiplied by 100 such that a value of 1 is equivalent to 1% HFF. An HFF
of 5.56% or greater was indicative of fatty liver in adults.20

Both T1 and T2 included extensive study questionnaires about the adolescent’s health and
family contexts and the mother’s health during and prior to the index pregnancy.
Sociodemographic covariates included child age in years at the time of the T2 visit, child
sex, child race/ethnicity with options for non-Hispanic black, Hispanic, non-Hispanic other
race (non-Hispanic white reference), an indicator variable of low parent education (highest
parent education high school or less = 1, more than high school = 0), and an indicator for
household income in the bottom 35% of the sample ($74 999 or less = 1, $75 000+ = 0).
Specific metabolic risk mediators measured at both visits included child age and sex
standardized BMI scores standardized to US youth (BMIz scores), calculated using Centers
for Disease Control and Prevention reference standards?122; elevated fasting glucose level
(=100 vs <99 mg/dL) during the research visit; and presence of acanthosis nigricans, a
pattern of skin texture and coloring associated with insulin resistance determined by a
trained examiner.23

Statistical Analyses

We employed listwise deletion for complete case analyses. Of the 417 respondents who
completed both visits, 254 had nonmissing covariate, exposure, and outcome data. A
schematic detailing the exclusion criteria and the effects on the sample size are included in
the Figure.

We first explored bivariate relationships between exposures and all other variables. We also
examined correlations between HFF and the hypothesized mediators at T1 and T2 (Table I).
We then used multiple linear regression to examine the change in predicted HFF because of
the presence, absence, or change in the hypothesized mediators at each visit. Beta
coefficients for the predictor variables reflect HHF predicted change in one percent
increments (ie, the unit of analysis is one percent of hepatic fat).

We included 5 main models in our analyses. Models 1 and 2 only included maternal pre-
pregnhancy BMI category (model 1) or GDM exposure (model 2) and potential confounders:
participant age, sex, race/ethnicity, family income, and parental education. Model 3 included
both exposure variables and potential confounders. Model 4 included model 3 variables and
T1 potential metabolic mediators. Model 5 included model 3 variables and T2 potential
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metabolic mediators. This model structure explores whether an initial relationship exists
between exposure variables and adolescent HFF, then tests whether the presence of
metabolic risk factors at T1 or T2 mediate this relationship. Analyses were conducted using
Stata v 14.2 (StataCorp, College Station, TX).24

This report included 254 participants who had both T1 and T2 visits, maternal pre-
preghancy BMI and GDM information, and outcome data. The analytic sample (254
participants) did not substantially differ from the larger cohort in terms of maternal
exposures or key offspring characteristics by race/ethnicity, age, sex, or family
socioeconomic indicators (Table 11; available at www.jpeds.com).

Table I11 shows descriptive variables and statistics for the participants and includes Pvalues
testing for significant differences across maternal pre-pregnancy BMI categories using either
/1/2 or ANOVA with F-tests depending on the measures compared; 128 (50.4%) of the
mothers had normal or underweight BMI levels, 28.0% were overweight and 21.7% were
obese before the onset of the index pregnancy. No significant differences were observed for
child age, sex, or parental education level by maternal pre-pregnancy BMI status. However,
significant differences were observed for race/ethnicity (£=.01) and income (P =.001).
Further, among the youth metabolic risk variables, BMIz scores, and clinical obesity levels
significantly differed at both T1 and T2 by mother’s pre-pregnancy BMI category. The
percent with elevated fasting glucose did not differ at either time. Presence of acanthosis
nigricans was generally higher with increasing pre-pregnancy BMI but was not statistically
significant at either visit. Both the HFF (P=.001) and the percent with HFF =5.56% (P=.
001) were higher in offspring of obese mothers. Overall, 15 youth (5.9%) met the criteria for
fatty liver.

Table I displays the Pearson correlations between risk factors in youth at both T1 and T2 and
HFF at the second visit. Significant correlations were observed for 4 of the 6 measures
included in Table I. Only fasting glucose at T1 and child BMIz score at T1 were not
significantly correlated with HFF (r = -0.05, P=". 45; r = 0.09, A= .13). All 3 measures
from T2 had correlations at or above 0.27 with HFF, with presence of acanthosis nigricans
having the strongest association (r = 0.39, A= .001) followed by fasting glucose (r = 0.31, P
=.001), and child BMIz score (r = 0.27, P=.001). The correlations between the presence of
acanthosis nigricans and HFF and those between BMIz score and HFF tripled at T2
compared with T1.

Table IV displays the results for the multiple linear regression models predicting adolescent
HFF. There was a strong association between maternal pre-pregnancy obesity and HFF
across all models, although no such associations were seen for maternal pre-pregnancy
overweight or maternal GDM in any of the models. In model 1, maternal pre-pregnancy
obesity was associated with an increase in the HFF (8= 1.59, 95% CI: 0.66-2.52, < .001),
relative to children of normal pre-pregnancy weight mothers, independent of potential
confounders (child age, sex, race/ethnicity, family income, and parental education). In model
2, no significant association was observed between GDM exposure and HFF, independent of
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potential confounders (8= —0.46, 95% CI: —1.37, 0.45). In model 3, both exposures are
included and follow the patterns observed in models 1 and 2. Adjusting for T1 hypothesized
metabolic mediators in model 4 did little to the predicted relationship between maternal pre-
pregnancy obesity and adolescent HFF (1.57; 95% CI: 0.60, 2.55, £<.001). In model 5,
adjustment for hypothesized mediators at T2 partially attenuated the association between
maternal pre-pregnancy obesity and adolescent HFF, however, the association remained
statistically significant (8= 1.03; 95% CI 0.10-1.97, P< .05).

Discussion

We found that maternal pre-pregnancy obesity was significantly associated with offspring
HFF during adolescence, and this association was not fully mediated by adolescent obesity,
dysglycemia, or acanthosis nigricans, suggesting a specific intrauterine effect. However, in
our cohort, GDM exposure was not associated with HFF, contrary to our original hypothesis.

Previous research has linked pre-pregnancy obesity to offspring cardiometabolic risk factors,
4 higher birthweights, 2226 increased body mass across the life course,2’ and elevated risk of
glucose dysregulation and type 2 diabetes later in life.2:28 Our findings now extend the
impact of maternal pre-pregnancy obesity to elevated HFF in adolescence. This finding is
important for several reasons. First, the magnitude of this effect is notable, even in the
mediated model, because it represents roughly one-fifth of the threshold for clinical pediatric
fatty liver.20 Second, elevated HFF increases the risk of developing NAFLD, which can be
detrimental to health in and of itself, but also increases the risk of several associated
conditions such as metabolic syndrome,2° cardiovascular disease and atherosclerosis,3? and
diabetes.3! Third, because maternal pre-pregnancy obesity has already been associated with
several of the related conditions that follow fatty liver disease, it is possible that fatty liver
can be regarded as potential mediating pathway to future metabolic risk if a youth is exposed
to fetal overnutrition in utero.

Our findings that the association between maternal obesity and adolescent HFF is not
completely mediated by youth obesity, the presence of acanthosis nigricans and elevated
fasting glucose suggest a specific intrauterine programming effect. Although the mechanism
responsible for this association is not clear, there is evidence that the fetus may be
vulnerable to steatosis because immature fetal adipose depots are not available to buffer the
excess transplacental fuel delivery (glucose and fatty acids) in maternal obesity.32 Animal
studies have shown that murine dams that were obese prior to and during pregnancy
produced offspring that had a dysmetabolic, insulin resistant, and NAFLD phenotype
compared with offspring of lean dams.33 In addition, lactation from obese dams caused lean
healthy offspring to develop a similar phenotype. Human studies have demonstrated
increased intrahepatocellular lipid in offspring of mothers with diabetes compared with
mothers without diabetes at 1-3 weeks of age,13 and in offspring of pre-pregnancy obese
mothers at 11.7 average days of age.14 However, these studies were not able to look at GDM
independently because of the small sample size,14 or were not able to separate maternal
obesity from GDM.13 Neither study reported long-term follow-up data, so it is unclear
whether the associations seen in newborns persisted to older ages, though our study suggests
they will.
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The most directly comparable study with ours is the report from the ALSPAC investigators
who studied 2753 mother-infant dyads using ultrasound assessment of fatty liver (USS-FL)
in a subset of 1215 at 17-18 years of age.1? Diabetes during pregnancy was marked only by
glycosuria because routine GDM screening was not the practice in the United Kingdom
when the cohort was formed. The prevalence of USS-FL was 2.1%, lower than our results of
5.9% (Table I1). They found that maternal diabetes (as defined by presence of glycosuria)
was associated with a 6.7 (95% CI: 2.5-18.4) fold increase in the odds of USS-FL. In a
mediation analysis using birthweight and measures of offspring adiposity, the aOR
decreased from 9.1 to 6.7 but remained highly statistically significant (< .001). We found
no association between maternal GDM and HFF, regardless of adjustment. In ALSPAC,
maternal pre-pregnancy overweight/obesity (as a combined category) had an aOR of 2.7
(1.2-6.2) for offspring USS-FL.12 In contrast to maternal diabetes/glycosuria, the OR for
maternal pre-pregnancy overweight/obesity was greatly reduced and became nonsignificant
on adjustment for offspring adiposity, suggesting that offspring adiposity was completely
mediating the association. We report here a different finding, that maternal pre-pregnancy
obesity (in a category separate from overweight) remained significantly associated with HFF
after adjustment for offspring BMIz score as a marker of adiposity, as well as markers of
dysglycemia and acanthosis nigricans, and, therefore, the association was not fully mediated
by offspring risk factors directly related to HFF.

It is unclear why we did not detect associations between maternal GDM and HFF as found
in the ALSPAC study. Differences in methods are the likely explanations, and our definition
of GDM from routine screening is more accurate than that used in ALSPAC. Nevertheless,
our participants with clinically diagnosed GDM were treated (27.9% with insulin), and it is
likely that most had better controlled hyperglycemia than those included in ALSPAC.
Although we do not have data on glucose control in our study;, it is possible that uncontrolled
hyperglycemia during pregnancy is more strongly associated with offspring fatty liver than
controlled GDM, a hypothesis that requires further testing. Maternal GDM has been
associated with offspring adiposity in several studies,3* including from our cohort!® but our
current findings do not support an association with adolescent HFF.

Our study has limitations. No liver biopsies were conducted to determine the histologic
diagnosis of youth with elevated HFF, therefore, we do not know the proportion with
steatosis or fibrosis. Given the early focal nature of hepatic lesions, the limited interventions
available, and the risk of complications to the participants, we did not believe it was
appropriate to conduct biopsies in this epidemiologic study.1! We had a small number of
youth with elevated HFF, which limits the analysis of mediation and confounding. The
ALSPAC study of a larger cohort had only 25 youth with USS-FL (2.1%) compared with 15
(5.9%) in our study, likely because of the lower sensitivity of hepatic ultrasound to identify
fatty liver compared with the MRI approach we used.1?

Our study has several strengths as well. It was a cohort study with repeated visits to assess
mediation by offspring risk factors at 2 visits. We measured liver fat using MRI, the most
sensitive noninvasive technique available. Numerous potential confounding factors have
been measured in this medium sized cohort, and the analysis explored both confounding and
mediation.
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In conclusion, our findings suggest that at least part of the variation in adolescent liver fat is
associated with maternal pre-pregnancy obesity. This effect is independent of known
childhood and adolescent risk factors, demographic and socioeconomic factors, and of
exposure to GDM. Further research is needed to determine the mechanisms responsible for
this association as well as whether this relationship is part of a biological pathway linking
pre-pregnancy obesity to adult cardiometabolic outcomes. Because maternal obesity is a
potentially modifiable risk factor, intervention studies that measure offspring liver fat along
with other common early life adiposity-related outcomes are needed. l
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Correlations between HFF percentage and metabolic risk factors in youth by visit

Table I.

Correlation with liver fat % P value

Risk factors at T1

Presence of acanthosis nigricans 0.12

Fasting glucose -0.05
BMIz score 0.09
Risk factors at T2

Presence of acanthosis nigricans 0.39

Fasting glucose 0.31

BMIz score 0.27

.05
45
13

<.00
<.00
<.00
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