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Abstract

Objective: This study tested the hypothesis, in a prospective cohort study design,

that maternal saturated free fatty acid (sFFA) concentration during pregnancy is pro-

spectively associated with offspring (newborn) hypothalamic (HTH) microstructure

and to explore the functional relevance of this association with respect to early-child-

hood body fat percentage (BF%).

Methods: In N = 94 healthy newborns (born mean 39.3 [SD 1.5] weeks gestation),

diffusion-weighted magnetic resonance imaging was performed shortly after birth

(25.3 [12.5] postnatal days), and a subgroup (n = 37) underwent a dual-energy x-ray

absorptiometry scan in early childhood (4.7 [SD 0.7] years). Maternal sFFA concen-

tration during pregnancy was quantified in fasting blood samples via liquid chroma-

tography-mass spectrometry. Infant HTH microstructural integrity was characterized

using mean diffusivity (MD). Multiple linear regression was used to test the associa-

tion between maternal sFFA and HTH MD, accounting for newborn sex, age at scan,

mean white matter MD, and image quality. Multiple linear regression models also

tested the association between HTH MD and early-childhood BF%, accounting for

breastfeeding status.
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Results: Maternal sFFA during pregnancy accounted for 8.3% of the variation in

newborn HTH MD (β-std = 0.25; p = 0.006). Furthermore, newborn HTH MD pro-

spectively accounted for 15% of the variation in early-childhood BF% (β-std = 0.32;

p = 0.019).

Conclusions: These findings suggest that maternal overnutrition during pregnancy

may influence the development of the fetal hypothalamus, which, in turn, may have

clinical relevance for childhood obesity risk.

INTRODUCTION

Childhood obesity represents a major public health challenge. Children

with obesity are substantially more likely to have obesity as adults

and to develop obesity-related disorders at earlier ages (1) and of

greater severity (2). Moreover, once established, obesity is difficult to

reverse, underscoring the importance of primary prevention (3,4).

Obesity is a complex, multifactorial phenotype (5). The impor-

tance of the structural and functional integrity of brain regions, partic-

ularly hypothalamic (HTH) nuclei, in the regulation of energy balance

and its influence on obesity risk are well established. Preclinical and

translational imaging findings support the premise that the typical

structure (e.g., astrogliosis, axonal density, median eminence perme-

ability) and function (e.g., leptin, insulin, and glucose sensing) of the

human HTH is altered in obesity (6–11). However, it remains unclear

as to what degree the observed differences in the HTH of those with

obesity relative to individuals with normal weight are a cause, conse-

quence, or both of obesity. A rapidly growing and convergent body of

preclinical evidence suggests that the HTH exhibits developmental

plasticity, particularly during the fetal period, as it adapts to variation

in maternal nutritional state (e.g., under/overnutrition) (12–18). This

process may then influence postnatal metabolism and growth. How-

ever, specific effectors of this process in humans are, so far, largely

unknown.

Maternal saturated free fatty acid (sFFA) concentrations during

pregnancy represent a plausible biological candidate linking maternal

overnutrition to variation in fetal HTH development, in that they may

function as both a sensor of the maternal state and as an effector of

HTH development (after crossing the placenta and blood-brain barrier

via passive diffusion and/or active transport) (19,20). Circulating FFAs

(both saturated and unsaturated) in the fasting state arise almost

entirely from adipose tissue stores (21), thereby representing an indi-

cator, or sensor, of maternal obesity and of previous dietary fat quality

(22,23). Experimental evidence in rodents suggests that sFFA-induced

inflammation in the HTH can alter anorexigenic signaling (24) and that

maternal obesity-induced increases in circulating sFFAs blunt off-

spring HTH axonal outgrowth, with downstream implications for fat

deposition (25). This concept is also indirectly supported in humans by

two observations: (1) maternal FFA concentrations during pregnancy

are associated with offspring body fat percentage (BF%) in early child-

hood (26); and (2) maternal prepregnancy obesity is associated with

alterations in child HTH function (cerebral blood flow in response to

glucose challenge), that, in turn, are predictive of subsequent weight

gain (27).

Based on these considerations, the goal of this study was to

examine the prospective association of maternal sFFA concentrations

during pregnancy with infant human HTH microstructure, as indexed

Study Importance

What is already known?

• A convergent body of preclinical experimental evidence

suggests that maternal overnutrition during pregnancy

can alter offspring hypothalamic microstructural develop-

ment, with adverse consequences for the regulation of

body weight and metabolism.

What does this study add?

• In humans, using a prospective cohort study design, we

report an association between maternal saturated free

fatty acid concentration during pregnancy and newborn

hypothalamic microstructure.

• In a small subgroup of children followed from birth

through early childhood, we observed a prospective asso-

ciation between newborn hypothalamic microstructure

and body fat percentage, supporting the functional

importance of this newborn phenotype in humans.

How might these results change the direction of

research or the focus of clinical practice?

• These observations provide evidence for the influence of

maternal overnutrition during pregnancy on the develop-

ing human fetal hypothalamus.

• This work provides further mechanistic evidence that the

management of maternal overnutrition, before and/or

during pregnancy, is important for the primary prevention

of childhood obesity.
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by mean diffusivity (MD). HTH MD represents the degree to which

water can freely diffuse within the HTH and constitutes a replicable

neuroimaging phenotype of obesity in human adults (28,29). MD is

reflective of, but not specific to, microstructural states at the cellular

level (e.g., gliosis, axonal density, cytosis, angiogenesis) (30). Based

on findings in rodents that sFFAs reduce HTH axonal outgrowth,

and because any decrease in cell bodies and cell walls would also

represent an associated decrease in barriers to diffusion (thus all-

owing for an increased capacity for diffusion processes), we hypoth-

esized that maternal sFFA concentrations during pregnancy would

be positively associated with infant HTH MD (i.e., fewer barriers to

diffusion).

To address this hypothesis, we conducted a prospective, longitu-

dinal study in a cohort of mother-infant dyads from early pregnancy

through birth until approximately 5 years of age. We quantified mater-

nal circulating concentrations of sFFAs in early (13.1 [1.8], 20.5 [1.4],

and 30.5 [1.4] weeks gestation) pregnancy. We also acquired infant

brain magnetic resonance imaging (MRI) scans shortly after birth to

quantify HTH MD. The importance of imaging the newborn brain

derives from the logic that brain circuitry at this time is not yet

influenced by postnatal obesogenic factors (31). In order to explore

the functional consequences of interindividual variation in newborn

HTH MD, we quantified early-childhood BF% via dual-energy x-ray

absorptiometry (DXA). Notably, early childhood represents the

age/developmental stage at which body composition, particularly BF

%, is predictive of subsequent child, adolescent, and adult obesity risk

(32). Associations between maternal sFFA concentrations and infant

HTH MD, as well as between infant HTH MD and early-childhood BF

%, were tested using multiple linear regression models that accounted

for the effects of key covariates and potentially confounding factors.

METHODS

Study population

Mother-child dyads were part of a prospective cohort study at the

University of California, Irvine’s Development, Health and Disease

Research Program, designed to investigate the effects of maternal

conditions among healthy pregnant women on offspring development.

The study enrolled pregnant women attending antenatal care at clinics

affiliated with the University of California, Irvine Medical Center in

Orange County, California, between 2011 and 2015. The present

analysis included 94 women enrolled between March 2011 and

December 2013 whose children underwent a brain MRI scan shortly

after birth. Exclusion criteria were as follows: mother less than 18

years of age; nonsingleton/intrauterine pregnancy; type 1 diabetes;

maternal use of psychotropic medications or systemic corticosteroids

during pregnancy; infant birth before 34weeks gestation (n = 7

healthy late preterm born children, i.e., between 34 and 37 weeks ges-

tational age); and infant congenital, genetic, or neurologicical disorder.

Race/ethnicity, education, and household income of the maternal par-

ticipants were assessed by self-report at the first study visit.

Demographic characteristics are presented in Table 1. MRI was suc-

cessfully performed in the offspring shortly after birth (N = 96 total;

n = 2 rejected based on visual inspection) and DXA imaging (n = 37)

in early childhood. Measures of maternal sFFA concentration were

available for all women whose children participated in the postnatal

imaging assessments (infant MRI and early-childhood DXA). The Insti-

tutional Review Board of the University of California, Irvine approved

all study procedures, and all parents provided written informed

consent.

T AB L E 1 Demographic information

Maternal age (y), mean (SD) 27.8 (5.5)

Maternal prepregnancy BMI, continuous 27.4 (6.6)

Maternal prepregnancy BMI category, %

Underweight 3.2

Normal weight 44.7

Overweight 25.5

Obesity 25.5

Maternal race/ethnicity, %

White non-Hispanic 39.4

White Hispanic 34.0

Asian 7.5

Other 19.1

Household highest level of maternal education, %

High school or test equivalent 22.2

Vocational school or some college 41.2

Associate’s degree 5.8

Bachelors or graduate level degree 30.7

Gross annual household income, %

<$15,000 10.0

$15,000–$29,999 20.0

$30,000–$49,999 22.2

$50,000–$100,000 40.0

>$100,000 7.8

Birth characteristics

Gestational age at birth (N = 94) (wk), mean (SD) 39.3 (1.5)

Weight at birth (g), mean (SD) 3,347 (485)

Length at birth, (in), mean (SD) 50.1 (2.7)

Infant MRI

Postnatal age at scan (d), mean (SD) 25.3 (12.5)

Weight at scan (kg), mean (SD) 3.99 (0.65)

Childhood DXA

Age at scan (n = 37) (y), mean (SD) 4.7 (0.7)

Note: Demographic information for the full sample (N = 94 mothers or

the subset of n = 37 children with follow-up DXA imaging) with available

maternal sFFA and MRI measurements. There were no significant

differences in key demographics between the full sample and the DXA

subset.

Abbreviations: DXA, dual-energy x-ray absorptiometry; MRI, magnetic

resonance imaging; sFFA, saturated free fatty acid.
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sFFA collection

Following an overnight fast, maternal morning blood samples were

collected at each of three study visits in early, mid-, and late

pregnancy (13.1 [1.8]; 20.5 [1.4]; and 30.5 [1.4] weeks gestation,

respectively). Maternal sFFA quantification was performed at

Ludwig-Maximilian University Munich in Germany, as reported

elsewhere (33). Briefly, blood (10 mL) was drawn by standard veni-

puncture, centrifuged for plasma aliquots (0.5 mL), and stored at

�80 �C prior to analysis. Samples were then assayed using liquid

chromatography-tandem mass spectrometry analysis performed for

identification of nonesterified fatty acid concentration (34), and the

14 quantified saturated fatty acids were selected for aggregation

across pregnancy (10:0, 11:0, 12:0, 13:0, 14:0, 15:0, 16:0, 17:0,

18:0, 19:0, 20:0, 22:0, 24:0, 26:0). All 42 measures (14 constituents

� 3 visits) were first z scored (measure dimension), followed by

median replacement (across individual, 14.8% missingness) to avoid

missingness bias from abundant/sparse constituents (e.g., palmitic

acid). Average maternal sFFA concentration across pregnancy was

used as the primary exposure to improve signal-to-noise through

signal averaging (35) and, more closely, represent trait, as opposed

to state, sFFA concentration.

MRI assessments

Newborn MRI scans were acquired during natural sleep using a

12-channel head-receive coil (Siemens 3-T Tim Trio, Siemens AG,Munich,

Germany). After feeding and soothing, infants were placed in a CIVCO

beaded pillow (Orange City, Iowa). This pillow covers the infant’s body and

head, becomes rigid under vacuum, and provides a comforting swaddle,

motion prevention, and hearing protection when used in conjunction with

standard foam earplugs. Participants were monitored for heart rate and

oxygen saturation via a pulse oximeter attached to the foot. The single-

shell 42-direction diffusion-weighted protocol (echo planar imaging [EPI],

repetition time [TR]/echo time [TE]= 8,900/83 milliseconds, field of view

[FoV] = 256 � 224 � 150mm, resolution = 2 � 2 � 2mm, partial

Fourier = 6/8, GRAPPA (GeneRalized Autocalibrating Partial Parallel

Acquisition) Phase Encoding Acceleration Factor= 2, 42 unique directions

at b= 1,000 s/mm2, 7 at b= 0)was 7minutes and 43 seconds in duration.

MRI data processing

Diffusion-weighted data were preprocessed (Figure 1) in accordance

with the developing Human Connectome Project (dHCP) pipeline (36).

F I GU R E 1 Image processing overview. Image processing included a community standard preprocessing pipeline (e.g., FSL’s eddy) followed by
a three-dimensional atlas-based region of interest (ROI) HTH definition (magenta outline, bottom left). HTH MD was summarized by the median
value. Inset images are composed of relative high (top) and low (bottom) sample median HTH MD images. DWI, diffusion-weighted imaging; FSL,
FMRIB Software Library; HTH, hypothalamic; MD, mean diffusivity; ROI, region of interest
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Data were corrected for motion, signal dropout, and eddy current,

including outlier slice detection and replacement using a Gaussian

process prediction via a nonparametric approach, and slice to volume

correction. Data quality measures were extracted using FMRIB (Func-

tional MRI of the Brain) Software Library (FSL) QUAD (https://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/eddyqc/UsersGuide), screened for extreme

outliers, and retained for use as a potentially confounding factor

(mean framewise displacement). Scalar maps were derived using the

fully preprocessed diffusion-weighted data (DTIFIT), including b-vec-

tor rotation to reflect coregistration transformation matrices. Specifi-

cally, whole-brain MD and fractional anisotropy (FA) were fit for

hypothesis testing and registration to a common template, respec-

tively. An age-specific sample-based template in common Montreal

Neurological Institute (MNI) space was derived using a three-stage

process as per the standardized FSL TBSS pipeline (https://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/TBSS). First, a representative participant was

nonlinearly registered (FSL FNIRT, https://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/FNIRT/UserGuide) to the FMRIB FA template. Second, a sam-

ple-based template was derived via nonlinear registration to the rep-

resentative participant in MNI/FMRIB FA space (all participants) and

averaged for a final sample-based mean FA image template. Third, all

participants were registered to this sample average. Of note, qualita-

tive assessment of registration consistency in the vicinity of the HTH

verified proper alignment, presumably aided by the high signal con-

trast along the HTH-third ventricle interface. HTH was defined using

a high resolution atlas published in 2018 (37). The high resolution

atlas was first transformed into MNI space (a common space aligned

with the FA template) and the HTH region of interest (ROI) defined

via a threshold of 0.6 based on visual inspection (Figure 1 shows HTH

ROI alignment with MD atlas). Finally, this bilateral ROI was used to

extract the primary outcome for each infant (median HTHMD).

DXA assessments

A whole-body DXA scan was obtained using a Hologic Discovery Scan-

ner (A, QDR 4500 series, Hologic Inc., Bedford, Massachusetts) in pedi-

atric scan mode. Calibration using Hologic’s anthropomorphic Spine QC

Phantom was performed before each scan. Children were scanned

awake in a supine position, wearing a standardized light cotton short and

shirt set provided by the study team. If the child moved during the scan,

a single repeat was performed. Global BF% was defined as 100 times

the ratio of global fat mass to the sum of global fat mass and global fat-

free mass. BF% was residualized for age at scan and offspring sex.

Covariates

Our a priori selection of the covariates was based on theoretical consid-

erations and findings from the available literature on possible associa-

tions with either only the outcome of interest (to improve model

precision) or with both the outcome and primary predictor of interest

(to address potential confounding). Gestational age at birth was

determined by best obstetric estimate with a combination of last men-

strual period and early uterine size and was confirmed by obstetric ultra-

sonographic biometry before 15weeks using standard clinical criteria.

Infant sex was abstracted from the medical record. Socioeconomic sta-

tus (SES) was summarized using a two-component score composed of

household income and highest level of maternal education. Each compo-

nent was categorized on a five-level scale and averaged across compo-

nents (mean = 3.2 [1.0], range = 1–5). Obstetric risk (OB risk) was a

binary value indicating the presence of one or more of the following risk

factors extracted from the medical record: preeclampsia, hypertension,

diabetes, severe anemia, severe infection, vaginal bleeding. Infant feed-

ing practices were assessed via monthly maternal interviews. A compos-

ite measure of feeding practice categorized offspring with greater than

75% of the first 6 months of life spent feeding as breastfed, less than

25% of the first 6 months of life spent feeding as formula-fed, and inter-

mediate values as mixed feeding practice.

Statistical analysis

Multiple linear regression models were used to examine the relationship

between maternal sFFA concentration during pregnancy and offspring

infant HTHMD by first using a parsimonious regression analysis based on

known or likely associations with infant HTHMD (Equation 1), followed by

a post hoc “full”model accounting for additional confounding factors (SES,

ethnicity, OB risk). The rationale for the a priori inclusion of whole-brain

white matter MD (binary mask, FA > 0.2) and framewise displacement is

based on the premise that associations should be present above and

beyond global MD associations and limit noise-induced variation, respec-

tively. Acronyms for Equations 1 and2 are as follows:HTHMD=hypothala-

musmean diffusivity; sFFA= saturated free fatty acid concentration; GA=

gestational age at birth; SA= postnatal age at scan,WMMD= global white

mattermean diffusivity; FD= framewise displacement.

HTHMD,i ¼ β0þβ1 � sFFAiþβ2 �GAiþβ3 �SAi

þβ4 �Sexiþβ5 �WMMD,iþβ6 �FDiþHTHResidual,i
ð1Þ

A bivariate linear regression model was used to examine the relationship

between covariate-adjusted offspring infant HTHMD (Equation 2a is the

equivalent to Equation 1 without the sFFA term, rearranged) and early-

childhood age and sex-adjusted BF% (Equation 2b) beginning with a parsi-

monious analysis (Equation 2c), followed by a post hoc full model account-

ing for breastfeeding status in addition to SES, ethnicity, andOB risk.

HTHResidual,i ¼ β0þβ1 �GAiþβ2 �SAiþβ3 �Sexiþβ4 �WMMD,iþβ5 �FDi�HTHMD,i

ð2aÞ

BF%Residual,i ¼ β0þβ1�Ageiþβ4�Sexi�BF%i ð2bÞ

BF%Residual,i ¼ β0þHTHResidual,iþϵi ð2cÞ

Finally, because OB risk represents a clinically and biologically heterog-

enous set of risk factors that may not be accurately represented by a
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single binary risk variable, we repeated each full model excluding those

mothers identified as belonging to the OB risk group (NsFFA-HTH = 32

[34% of analytic sample] and NHTH-BF% = 14 [38% of analytic sample]

excluded). The relative frequency of OB risk factors (presence of any

risk factor at any study visit) within this (N = 94) sample are as follows:

preeclampsia = 3.2%; hypertension = 5.3%; diabetes = 6.4%; severe

anemia = 7.5%; severe infection = 6.4%; and vaginal bleeding= 17.0%.

There were no cases of fetal growth restriction or chronic hypertension

included in the study (e.g., all participants identified as hypertensive for

analytical purposes exhibited hypertension at only a single visit). Fur-

thermore, a sensitivity analysis repeating the models with OB risk con-

ditions as separate predictors in the model was performed (Supporting

Information Table S2). In addition, a model covarying for maternal pre-

pregnancy BMI was tested in order to provide additional information

on the role of maternal sFFA concentration during pregnancy in fetal

HTH microstructural development, when accounting for maternal pre-

pregnancy BMI (Supporting Information Table S3).

Data sharing plans

STROBE guidelines (STrengthening the Reporting of OBservational

studies in Epidemiology; https://www.strobe-statement.org/index.php?

id=available-checklists) were followed and the checklist provided as

part of the review process. Furthermore, in accordance with the

Material Design Analysis Reporting (MDAR) (38) guidelines pro-

moting access to underlying data and code, deidentified and

unprocessed MRI data used in the context of this study are pub-

licly available through the National Institute of Mental Health Data

Archive Collection #1890 (https://nda.nih.gov/edit_collection.

html?id=1890). Deidentified and unprocessed metabolomic and

associated (e.g., covariates) measures can be made available upon

request and through the completion of the necessary Data Use

Agreement materials. Derived measures and statistical models

used here are made publicly available via a Github repository

(https://github.com/jerodras/sffa-hypothalamus.git).

RESULTS

Study population in brief

A total of 94 mother-child dyads were included for study. MRI was

successfully performed in the infants shortly after birth (N = 96 total;

n = 2 rejected based on visual inspection) and DXA imaging (n = 37)

in early childhood. Measures of maternal sFFA concentration were

available for all women whose children participated in the postnatal

imaging assessments (infant MRI and early-childhood DXA).

Descriptive findings

Maternal FFA concentrations during pregnancy in the present cohort have

been described in detail elsewhere (23). In brief, raw sFFA measures

across the three pregnancy visits were 7.14 (2.51), 6.82 (2.32), and 7.56

(2.40) mmol/L, respectively, whereas mean z-transformed sFFA across

pregnancy was �0.09 (0.34), normally distributed (Lilliefors nonuniform

null-hypothesis test; p= 0.13), and visit-specific sFFA concentrations were

correlated across pregnancy visits (r1st,2nd =0.48; r2nd,3rd =0.39; r1st,3rd =

0.38; intraclass correlation coefficient =0.40), consistent with existing lit-

erature (35). In addition, average maternal sFFA concentrations across

pregnancy were associated with maternal prepregnancy BMI (p <10�5,

see Supporting Information Table S1 for a categorical breakdown), but not

gestational weight gain (p >0.1), in a manner consistent with previously

published findings from this cohort (23).

Mean infant HTH MD was 0.0017 (0.0001) mm2/s, normally dis-

tributed (Lilliefors nonuniform null-hypothesis test; p = 0.11) and neg-

atively associated with postmenstrual age at scan (partial R2 = 6.5%;

p = 0.013), but not sex, in a manner consistent with the literature on

early white matter developmental trajectories (39).

Mean BF% in early childhood was 27.6% (5.6%), normally distrib-

uted (Lilliefors nonuniform null-hypothesis test; p = 0.39), and nega-

tively associated with age at scan (partial R2 = 10.9%; p = 0.014), but

not sex, in a manner consistent with the adiposity rebound period.

T AB L E 2 Parsimonious and full model comparison: maternal sFFA concentration during pregnancy and infant HTH MD

Parsimonious model Full model

Independent variable bβ R2
partial p bβ R2

partial p

sFFA concentration 0.25 8.3% 0.006 0.23 8.1% 0.008

Gestational age at birth 0.13 1.0% 0.361 0.00 0.0% 0.943

Postnatal age at scan 0.17 1.7% 0.226 0.06 0.2% 0.665

Infant sex (male) 0.11 0.4% 0.543 0.09 0.3% 0.612

White matter MD 0.57 14.4% <0.001 0.47 11.1% 0.002

QC (framewise displacement) 0.22 6.3% 0.017 0.15 3.2% 0.097

Socioeconomic status na na na 0.21 5.3% 0.033

Hispanic (yes) na na na 0.56 10.9% 0.002

OB risk (yes) na na na �0.34 4.3% 0.056

Note: Maternal sFFA concentration during pregnancy was associated with infant HTH MD.

Abbreviations: HTH, hypothalamic; MD, mean diffusivity; na, not applicable; OB, obesity; QC, quality control; sFFA, saturated free fatty acid.
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Maternal sFFA concentration during pregnancy is
associated with offspring infant HTH MD

Maternal sFFA concentration during pregnancy was positively associ-

ated with infant HTH MD (Table 2; Figure 2; parsimonious regression

model: F7,94 = 6.46, p < 0.001, model-adjusted R2 = 26.1%) above

and beyond factors accounting for age-related growth (age and global

variation in MD) and sex. Maternal sFFA remained significant when

considering the potentially confounding factors of SES, ethnicity, and

OB risk (Table 2; full regression model: F10,94 = 6.55, p < 0.001,

model-adjusted R2 = 34.9%), including those analyses conducted

while excluding mothers in the OB risk group. Furthermore, maternal

sFFA remained significant when adjusting for individual OB risk condi-

tions (Supporting Information Table S2) and, separately, prepregnancy

BMI (Supporting Information Table S3). Maternal sFFA concentration

during pregnancy explained �8% of the interindividual variance in

infant HTH MD.

F I GU R E 2 Maternal saturated free fatty acid (sFFA) concentration during pregnancy and infant hypothalamic MD (HTH MD). Maternal sFFA
was linearly associated with newborn HTH MD (HTH region of interest inset) [Color figure can be viewed at wileyonlinelibrary.com]

T AB L E 3 Parsimonious and full model comparison: offspring HTH MD and early-childhood BF%

Parsimonious model Full model

Independent variable bβ R2
partial p bβ R2

partial p

HTH MD 0.32 14.8% 0.019 0.41 17.2% 0.037

Breastfeeding status na na na 0.22 5.0% 0.210

SES na na na 0.26 7.4% 0.125

Hispanic (yes) na na na 0.63 9.0% 0.090

Obstetric risk (yes) na na na �0.23 1.5% 0.493

Note: Infant HTH MD was associated with early-childhood BF%.

Abbreviations: BF%, body fat percentage; HTH, hypothalamic; MD, mean diffusivity; na, not applicable; SES, socioeconomic status.

F I GU R E 3 Infant hypothalamic mean diffusivity (HTH MD) is
associated with early-childhood body fat percentage (BF%).
Residualized newborn HTH MD (Equation 2a) was linearly associated
with earlychildhood BF% [Color figure can be viewed at
wileyonlinelibrary.com]
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Offspring infant HTH MD is associated with early-
childhood BF%

Higher adjusted (Equation 2a) infant HTH MD was associated with

higher adjusted (Equation 2b) early-childhood BF% (Table 3; Figure 3;

parsimonious regression model: F2,37 = 6.06, p = 0.019, model-

adjusted R2 = 12.3%). Post hoc testing suggested that the association

between newborn HTH MD and early-childhood BF% remained sig-

nificant when considering potential pre- and postnatal confounding

factors (Table 3; full regression model: F7,37 = 2.47, p = 0.054, model-

adjusted R2 = 17.0%), including those analyses conducted while

excluding mothers in the OB risk group. Newborn HTH MD indepen-

dently explained �14% to 17% of variance in early-childhood BF%.

DISCUSSION

This work represents, to the best of our knowledge, the first report in

humans of a prospective association between maternal sFFA concen-

trations during pregnancy and newborn HTH MD, a clinically relevant

(28) indicator of HTH microstructural integrity. Furthermore, we pro-

vide proof-of-concept evidence for the functional relevance of this

infant neurological phenotype by demonstrating an association

between infant HTH MD and early-childhood BF%. The direction of

the observed associations is consistent with previous findings relating

higher maternal sFFA concentrations during pregnancy with reduced

offspring axonal outgrowth in rodents (25) and human literature

linking maternal energy substrate availability with offspring HTH func-

tioning (27) and adiposity in early childhood (26). Furthermore, the

observed associations remained significant after controlling for key

prenatal and postnatal covariates.

In terms of the magnitude of effects, a 1-SD difference in mater-

nal sFFA concentrations during pregnancy corresponded with a

+0.25-SD (95% CI: 0.17-0.33; MD = 2.9 � 10�5 mm2/s) difference in

infant HTH MD. Given the paucity of human infant HTH neuroimag-

ing data, it is difficult to put the magnitude of this effect into any

direct context. However, the direction of this effect is consistent with

recent observations in rodents (25). Specifically, dams fed a diet rich

in sFFAs demonstrated increased circulating sFFA concentrations and

produced offspring with a reduced density of leptin responsive cells in

the HTH. Furthermore, explants from the offspring HTH demon-

strated marked decreases in axonal projections when directly exposed

to sFFAs ex vivo. Because any decrease in cell bodies represents a

decrease in barriers to diffusion, it follows that diffusion (i.e., MD) at

the microstructural level would increase in the presence of elevated

sFFA concentrations, as observed here.

In terms of the potential clinical significance of the observed

effects, a 1-SD difference in HTH MD corresponded to a +0.32-SD

(95% CI: 0.19-0.45; BF% = 1.8%) difference in BF% in early childhood.

The lower bound of this association is consistent with (overlapping

95% CI) reported estimates in adults, measured using similar techniques

and validated in two large independent samples (testing and validation

samples both +0.14-SD change per SD unit of BMI) (28). Potential

explanations for the larger effect size observed in our study are

several-fold, including a more proximal measure of adiposity (DXA BF%

vs. BMI) (40), decreased exposure to obesogenic factors commonly

seen in adulthood (41) (thus a more direct reflection of HTH-regulated

homeostatic processes), and/or, more simply, an uncertain estimate due

to the limited longitudinal sample size in early childhood.

The direction of the current finding is conceptually consistent with

two key pieces of human empirical evidence. First, in a large sample of

mother-child dyads, a positive association was reported between mater-

nal FFA concentrations and early-childhood adiposity (26). Second, mater-

nal prepregnancy BMI has been associated with early-childhood HTH

response to oral glucose administration (cerebral blood flow measures

using MRI), and the magnitude of this response was predictive of subse-

quent weight gain (27). Importantly, our study extends these human find-

ings with our observation that the effects of excess maternal energy

substrate on the newborn HTH are antecedent to those of the postnatal

obesogenic environment and the emergence of early-childhood fat gain.

Obesity has been labeled a “heritable neurobehavioral disorder

that is highly sensitive to environmental conditions.” (42). Because of

the rapid developmental changes the brain undergoes during embry-

onic and fetal life, prenatal environmental exposures are especially

salient in altering the developing brain with downstream implications

on feeding behavior and energy homeostasis. Fetal brain development

culminates in the formation, segregation (differentiation/specializa-

tion), and integration (forming a network of networks) of key energy

homeostasis networks (e.g., satiety) by the time of birth, at which time

the foundational setting of these brain networks likely plays an espe-

cially meaningful role. Therefore, despite the small (in absolute terms)

longitudinal sample size available for understanding the functional rel-

evance of the observed newborn neurological phenotype (HTH MD),

we assert that the observed association between newborn HTH MD

and BF% in early childhood is of significant clinical relevance and that

it warrants targeted external replication efforts, particularly given that

this finding reaffirms a large body of preclinical evidence in support of

the HTH being critical for energy homeostasis and showing a high

degree in developmental plasticity and, consequently, phenotypic var-

iation resulting from in utero exposures (12–18). Although it is unlikely

that detailed measures of maternal sFFA concentrations across preg-

nancy such as those used here will be available for replication using

large-scale, publicly available, longitudinal neuroimaging data, partial

replication using more readily available but distal biomarkers such as

maternal prepregnancy BMI could help further characterize the role of

the HTH in the intergenerational transmission of obesity risk.

Limitations of this study include the lack of cellular specificity

provided by standard diffusion tensor imaging (DTI) measures, periph-

eral measures of circulating maternal sFFAs, partial characterization of

the gestational milieu, and the specific focus on the HTH. Because

DTI models reflect diffusion processes that are nonspecific to the cel-

lular processes that underlie signal variation (43), there are plausible

alternative explanations of variation in HTH MD. For example,

increased gliosis, as previously reported in MRI-based studies of HTH

inflammation (29) and/or greater permeability of the median emi-

nence (7), would naturally tend toward increased HTH MD because of
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associated increases in tissue fluid. A second limitation of this study is

the lack of more proximal measures of fetal sFFA exposure. Although

the serial measurement approach used here provides a comprehensive

and stable characterization of maternal sFFA concentrations across

pregnancy, the collection and quantification of sFFA concentrations in

cord blood and/or amniotic fluid could provide additional insight into

the degree of association between maternal circulation and fetal

exposure around the time of birth. The current study did not collect

or consider several other potentially important ligands known to play

a role in the ontogeny of the fetal HTH, including leptin and

adiponectin. Future efforts should be aimed at characterizing the ges-

tational milieu in a more comprehensive fashion in order to gain a

more complete understanding of relative sFFA importance. Finally,

the HTH is well established to be the primary central regulator of

energy homeostasis. However, there are several extrahypothalamic

brain systems (e.g., interoception, salience, reward) with demonstrated

relevance in the context of both maternal exposures during pregnancy

and offspring obesity risk (44). Although the current study was

focused on testing a hypothesis-based translation of experimental

data from the animal literature, large-scale longitudinal developmental

neuroimaging studies such as the upcoming HEALthy Brain and Child

Development (45) study represent the ideal platform for conducting a

more discovery-based approach to identifying key extrahypothalamic

brain systems in the context of the fetal programming of obesity.

To conclude, the current study provides evidence linking maternal

sFFA concentrations during pregnancy with infant HTH MD and sup-

ports, in a preliminary fashion, the clinical relevance of this finding

with respect to childhood adiposity/obesity risk. Importantly, circulat-

ing sFFA concentrations are modifiable through diet, exercise (46),

tauroursodeoxycholic (a naturally occurring bile acid) supplementation

(25), and/or a glucagon-like peptide-1 receptor agonist (e.g.,

semaglutide) (47). Therefore, this work holds promise in contributing

to an improved understanding of plausible intervention targets for the

primary prevention of childhood obesity.O
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