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Association of Hepatic Steatosis with Adipose
and Muscle Mass and Distribution in Children

Ghattas J. Malki, BS,1 Nidhi P. Goyal, MD, MPH,1,2 Patricia Ugalde-Nicalo, MD, MAS,2

Lauren F. Chun, MD,1 Jasen Zhang, MS,3 Ziyi Ding, MS,3 Yingjia Wei, MS,3 Cynthia Knott, RDN,4

Danielle Batakis, BS,5 Walter Henderson, BA,5 Claude B. Sirlin, MD,5

Michael S. Middleton, MD, PhD,5 and Jeffrey B. Schwimmer, MD1,2

Abstract

Background: Pediatric studies have shown associations between hepatic steatosis and total body fat, visceral
fat, and lean mass. However, these associations have not been assessed simultaneously, leaving their relative
importance unknown.
Objective: To evaluate associations between hepatic steatosis and total-body adiposity, visceral adiposity, and
lean mass in children.
Method: In children at risk for fatty liver, hepatic steatosis, adipose, and lean mass were estimated with mag-
netic resonance imaging and dual-energy X-ray absorptiometry.
Results: Two hundred twenty-seven children with mean age 12.1 years had mean percent body fat of 38.9% and
mean liver fat of 8.4%. Liver fat was positively associated with total-body adiposity, visceral adiposity, and lean
mass (P < 0.001), and negatively associated with lean mass percentage (P < 0.001). After weight adjustment,
liver fat was only positively associated with measures of central adiposity (P < 0.001). Visceral adiposity also
had the strongest association with liver fat (P < 0.001).
Conclusions: In children, hepatic steatosis is more strongly associated with visceral adiposity than total adi-
posity, and the association of lean mass is not independent of weight or fat mass. These relationships may help
guide the choice of future interventions to target hepatic steatosis.

Keywords: hepatic steatosis, MRI-PDFF, adipose, muscle, nonalcoholic fatty liver disease

Introduction

Ectopic lipid accumulation is the buildup of lipids
in nonadipose tissue, such as the liver, pancreas, skel-

etal muscle, bones, and heart. This fat accumulation within
organs is a mechanism that can contribute to disease path-
ogenesis, especially related to metabolic syndrome.1 In the
liver, ectopic lipid accumulation can manifest within hepa-

tocytes as nonalcoholic fatty liver disease (NAFLD), which
is defined by hepatic steatosis not due to alcohol consump-
tion or other underlying liver disease,2 and can progress
to cirrhosis, hepatocellular carcinoma, transplantation, and
death.3

NAFLD currently is the most common chronic liver dis-
ease in children, affecting about 10% of the pediatric pop-
ulation in the United States.4 The incidence of pediatric
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NAFLD is rising,5 and it is now the most common cause of
liver transplantation in young adults.6 Pediatric NAFLD is
also associated with hepatic and extrahepatic comorbidities,
such as type 2 diabetes, hypertension, anxiety, depression,
and impaired quality of life.7–11

Obesity is a major risk factor for NAFLD in children.12

However, obesity alone is not sufficient to cause NAFLD
in most children. For example, only 25% of children with
obesity have NAFLD, and thus the majority do not.13 Even
in adolescents with a median body mass index (BMI) of
52 kg/m2 undergoing weight loss surgery, 40% had no evi-
dence of steatosis on liver histology.13,14 Furthermore,
although obesity is present in 60% of children with NAFLD,
up to 20% have normal BMI percentile, suggesting a nuan-
ced relationship between obesity and NAFLD.4

The modest association between BMI and hepatic stea-
tosis has motivated research on the possible relationships
between hepatic steatosis and other indices of body com-
position. For example, greater abdominal visceral fat is
associated with metabolic syndrome.15 Extending this find-
ing to hepatic steatosis, several investigators have reported
that abdominal visceral fat correlates more strongly with
degree of hepatic steatosis than total-body fat, suggesting
that those with higher proportion of abdominal fat stored
subcutaneously may be less at risk for developing
NAFLD.12,16,17 Moreover, those with upper-body (i.e.,
android-type) obesity appear to be more at risk for devel-
oping NAFLD than those with lower-body (i.e., gynoid-
type) obesity.18 In adults, degree of hepatic steatosis has
been associated with lower skeletal muscle mass,18,19 sug-
gesting that interplay between muscle and adipose mass may
associate with hepatic fat accumulation.18,20

Preliminary work in children has shown similar find-
ings, as both lower appendicular and truncal muscle mass
have been implicated in pediatric NAFLD.21,22 However,
the association of both adipose and lean mass in pediatric
NAFLD have not been assessed together, making it difficult
to compare their relative importance.

Uncertainty regarding relationships between hepatic stea-
tosis and indices of body composition is a gap in our
understanding of pediatric NAFLD. Thus, the aim of this
study was to compare hepatic steatosis with indices of body
composition in children, simultaneously considering param-
eters such as adipose tissue mass, its distribution (android
vs. gynoid; visceral vs. subcutaneous), and absolute and
relative muscle mass. To accomplish this, we assembled
a community-representative cohort of children, measured
hepatic steatosis using magnetic resonance imaging pro-
ton density fat fraction (MRI-PDFF), and assessed indices
of body composition using MRI and dual-energy X-ray
absorptiometry (DXA). Gaining insight into relationships
between indices of body composition and hepatic steatosis
may help our understanding of biological pathways and
inform possible therapeutic interventions.

Methods

Participants

We recruited children ages 8–17 years in the County of
San Diego from primary care clinics and community health
centers. We excluded children with an established diagno-
sis of chronic liver disease, rheumatologic disease, cerebral

palsy, alcohol use, steroid use, neuromuscular diseases, and
other conditions affecting lean mass. Patients taking hepa-
totoxic drugs were also excluded.23 The study was appro-
ved by the Institutional Review Board of the University of
California, San Diego (UCSD). The parents of all partic-
ipants provided written informed consent and HIPAA Auth-
orization. Participants provided written informed assent.

Clinical and laboratory evaluations

Participants were evaluated at the Altman Clinical and
Translational Research Institute at UCSD. Participants’ age,
sex, and self-identified race and ethnicity were recorded, and
their height (cm) and weight (kg) were measured. BMI was
calculated by dividing the weight (kg) by height squared
(m2). Whole blood was collected to measure fasting serum
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), gamma-glutamyl transferase (GGT), glucose, and
insulin, and to test for viral hepatitis. Study participants com-
pleted questionnaires on alcohol use, medications, and past
medical history.

Dual-energy X-ray absorptiometry

DXA scans were performed using a fan beam densitom-
eter (Discovery W DXA scanner; Hologic, Marlborough,
MA). Data obtained from these scans were used to deter-
mine indices of adipose and lean mass measured by Apex
software (version 4.0.1; Oracle, Austin, TX). DXA indices
reviewed for this study were: subtotal fat mass (kg; total-
body adipose mass, excluding that of the skull), subtotal
percent fat (%; percent total weight that is body fat, exclud-
ing the skull), trunk-to-limb fat mass ratio (kg/kg; truncal
adipose mass divided by upper and lower extremity adi-
pose mass), subtotal lean mass (kg; total-body lean mass,
excluding that of the skull), appendicular lean mass (kg;
lean mass of the upper and lower extremities), subtotal lean
mass fraction (kg/kg; subtotal lean mass divided by weight),
and appendicular lean mass fraction (kg/kg; appendicular
lean mass divided by weight) (Table 1).

The Hologic DXA system integrates the National Center
for Health Statistics data of 1200 participants’ body com-
positions, allowing for the generation of z-score values for
various adiposity and lean mass measures based on sex and
age.24,25 This allowed for the calculation of z-score values
for BMI, total body percent fat, trunk-to-limb fat mass ratio,
and appendicular lean mass/height.2

A single technologist performed all scans, as described
in the 2019 ISCD Official Positions guidelines.26 A Hologic
spine phantom was used to determine the precision of the
collected measurements.26 The coefficient of variation for
phantom DXA measurements was 0.418%.

MRI-PDFF analysis

MRI-PDFF of the liver was estimated using a confounder-
corrected chemical-shift-encoded MRI sequence at 3 Tesla
(3T), which correlates well with histology-based steatosis
grade.27,28 This method utilizes a 2D gradient-recalled echo
acquisition with ‡120 ms repetition time (TR) and low flip
angle (10�) to mitigate T1 weighting. Six gradient-recalled
echoes were acquired at successive nominal out-of-phase
and in-phase echo times (TEs) to permit simultaneous
estimation of fractional water and fat signals and T2*
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decay.29–32 A custom algorithm was used to reconstruct
MRI-PDFF maps pixel by pixel, correcting for the expo-
nential T2* signal decay and incorporating a multipeak
spectral fat model to correct for multifrequency interference
effects of fat proton signal.33

For each MRI exam, a trained image analyst manually
placed one circular region of interest (ROI) with 1-cm radius
on an out-of-phase MRI image in all evaluable Couinaud
liver segments using Osirix analysis software (Pixmeo
SARL, Geneva, Switzerland). ROIs were preferentially
placed to avoid liver edges, major blood vessels, major bile
ducts, image artifacts, and other organs. ROIs were placed
on out-of-phase images rather than quantitative PDFF maps
to reduce risk of information bias in their placement. ROIs
for each evaluable Couinaud liver segment then were trans-
ferred to MRI-PDFF maps without adjustment. Segmental
MRI-PDFF values from each of the evaluable ROIs were
exported and averaged to calculate a composite MRI-PDFF
value for that MRI exam.

Partitioning abdominal adiposity

A 3D gradient dual-echo sequence acquired at 3T was
used for subcutaneous adipose tissue (SAT) and visceral
adipose tissue (VAT) area segmentation analysis. This 3D
dual-echo sequence acquires two echoes per TR: one at a
TE value for which fat and water signals are mainly out of
phase, and a second at a TE value echo for which fat and
water are mainly in phase. Fat and water images were
reconstructed automatically by the scanner computer using a
two-point Dixon method using the acquired out-of-phase
and in-phase data.34,35

For each MRI exam, a trained image analyst analyzed fat
images using sliceOmatic image segmentation software
(TomoVision, Magog, Canada). An axial slice was selected
at the level of the umbilicus, and analysis was performed to
segment all areas of the image containing SAT and VAT;
SAT and VAT were segmented separately. Thresholding
tools in the segmentation software and manual tracing by
the image analyst were used to avoid regions of the image
containing tissues or structures other than SAT or VAT. The
total number of pixels contained in the SAT and VAT
segmentations were separately exported and converted to
surface area units (mm2). Using these surface areas, the per-
cent VAT, defined as the percent of abdominal fat located
viscerally, was calculated as VAT/(VAT+SAT).

Statistical analysis

Anthropometric, demographic, and clinical characteris-
tics of the study population were presented as means (SD)
for continuous variables or N (%) for categorical vari-
ables. Linear regression models were used to calculate the
association between MRI-PDFF and various BMIs. The
response variable, MRI-PDFF, was logarithmically trans-
formed before analysis to satisfy the normality assumption
of linear regression. Multivariate linear regression was first
performed to assess associations between each body com-
position index and liver MRI-PDFF. A series of adjustments
were made to control for demographic and biological fac-
tors, including the understanding that a higher BMI could be
due to more adipose, muscle, or both. In adjustment one of
these analyses, demographic covariates such as age, sex, and
ethnicity, along with height, were invariably included. In
adjustment two, models of adipose and lean indices also
included lean or adipose mass as confounders, respectively.
Adjustment three accounted for covariates in adjustment one
along with weight.

Multivariate linear regression was then performed to
determine which body composition indices had the strongest
associations with liver MRI-PDFF. Model fitting parame-
ters, including regression estimates (ß), correlation coeffi-
cients (R2), and P values were used to assess the strength
and statistical significance of the associations between BMIs
and MRI-PDFF. Because the response variable (MRI-
PDFF) was logarithmically transformed, the regression
estimates (ß) demonstrate how a 1-U change in each of the
body indices affects PDFF on a logarithmic scale. Thus, a
positive ß represents a positive association, while a negative
ß represents a negative association. A P value of <0.05 was
considered statistically significant.

Results

Study population

We screened 274 children and excluded 47 as shown in
Fig. 1. The remaining 227 children were enrolled in the
study and had a mean age of 12.1 – 2.6 years. Most of our
participants were male (61%) and of Hispanic ethnicity
(81%). The mean BMI z-score was 1.8 – 0.7, and the mean
subtotal percent fat was 38.9% – 8.2%. The mean ALT
was 32 – 25 U/L, and the mean liver MRI-PDFF was

Table 1. Variable Definitions

Body composition index (U) How it was defined
How it was
measured

Absolute adipose
mass

Subtotal fat mass (kg) Total-body adipose mass, excluding the skull DXA
Subtotal percent fat (%) Percent total weight that is body fat, excluding

the skull
DXA

Body fat
distribution

Trunk-to-limb fat mass ratio (kg/kg) Truncal adipose mass divided by the adipose
mass of the upper and lower extremities

DXA

Percent VAT (%) The percent of abdominal adipose tissue that is
viscerally located

MRI

Absolute lean mass Subtotal lean mass (kg) Total-body lean mass, excluding the skull DXA
Appendicular lean mass (kg) Lean mass of the upper and lower extremities DXA

Relative lean mass Subtotal lean mass fraction (kg/kg) Subtotal lean mass divided by weight DXA
Appendicular lean mass fraction

(kg/kg)
Appendicular lean mass divided by weight DXA

DXA, dual-energy X-ray absorptiometry; VAT, visceral adipose tissue.
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8.4% – 7.7%. A detailed description of the study participants
and their body composition indices are provided (Table 2).

Adipose mass and MRI-PDFF

To assess the association between body fat indices and
MRI-PDFF, the following parameters were individually
correlated with MRI-PDFF: BMI, BMI z-score, subtotal fat
mass, and subtotal percent fat. Each parameter was posi-
tively associated with MRI-PDFF even after adjusting for
age, sex, height, and ethnicity. For example, both BMI and
BMI z-score showed positive associations with MRI-PDFF
(ß = 0.590, P < 0.001 and ß = 0.575, P < 0.001, respectively)
(Table 3, adjustment 1). Additionally, these positive asso-
ciations between body fat indices and MRI-PDFF were
seen in individual multivariate analyses controlling for sub-
total lean mass along with age, sex, height, and ethnicity
(Table 3, adjustment 2). However, when controlling for
weight, total adipose mass indices, including BMI and BMI
z-score, were no longer associated with MRI-PDFF
(P = 0.195 and 0.154, respectively) (Table 3, adjustment 3).

Adipose distribution and MRI-PDFF

To assess the association between adipose regionalization
and MRI-PDFF, trunk-to-limb fat mass ratio and percent
VAT were individually correlated with MRI-PDFF. Similar
to total body fat indices, indices of central adiposity were
positively associated with MRI-PDFF in multivariable ana-
lyses. Trunk-to-limb fat mass ratio and percent VAT were
associated with MRI-PDFF even after adjusting for age,
sex, ethnicity, and height (ß = 2.700, P < 0.001 and ß = 2.090,
P = 0.024, respectively) (Table 4, adjustment 1). Positive
associations between these measures of central adiposity
and MRI-PDFF were also seen in individual multivariate
analyses controlling for subtotal lean mass, along with age,
sex, height, and ethnicity (Table 4, adjustment 2).

Unlike total-body adipose mass, the positive associa-
tion between centrally localized fat indices and MRI-PDFF
remained significant after adjusting for weight, as both the
trunk-to-limb fat mass ratio and percent VAT remained

positively associated with MRI-PDFF (ß = 2.180, P < 0.001
and ß = 3.330, P < 0.001, respectively) (Table 4, adjust-
ment 3).

Lean mass and MRI-PDFF

Multivariate linear regression was performed to deter-
mine the associations between MRI-PDFF and lean mass,
specifically subtotal lean mass, appendicular lean mass, sub-
total lean mass fraction, and appendicular lean mass frac-
tion. Notably, when adjusting for age, sex, ethnicity, and
height, both subtotal lean mass and appendicular lean mass
were positively associated with MRI-PDFF (ß = 0.054,
P < 0.001 and ß = 0.091, P < 0.001, respectively). Account-
ing for total body weight, both subtotal lean mass fraction
and appendicular lean mass fraction were negatively associ-
ated with MRI-PDFF (ß = -3.650, P < 0.001 and ß = -6.810,
P < 0.001, respectively) (Table 5, adjustment 1). Once also
controlled for subtotal fat mass, subtotal lean mass fraction
also became positively associated with MRI-PDFF, while
appendicular lean mass fraction was no longer significantly
associated (Table 5, adjustment 2). However, all significant
associations between lean mass and MRI-PDFF were lost
when controlling for weight (Table 5, adjustment 3).

Strength of body composition parameters
with MRI-PDFF

Multivariate linear regression was also performed to
determine the associations between MRI-PDFF and z-score
values of body indices, allowing for direct comparison of
the strength and significance of absolute adipose mass, body
fat localization, and absolute lean mass against each other.
The multivariate regression controlling for age, sex, eth-
nicity, and height again showed that indices for absolute
adipose mass, centralized localization of adipose mass, and
absolute lean mass were each positively associated with
MRI-PDFF. Out of the three domains, adipose distribution
had the strongest association, as the trunk-to-limb fat mass
ratio z-score had the largest effect strength on MRI-PDFF
(ß = 0.657, R2 = 0.392, P < 0.001) (Table 6).

FIG. 1. Study flow diagram
showing the recruitment of partic-
ipants in terms of screening,
exclusion, and inclusion. DXA,
dual-energy X-ray absorptiometry.
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A multivariable regression model also suggested that this
central regionalization of fat was the strongest predictor of
MRI-PDFF. This multivariable regression model com-
pared the strongest predictors from each body composition
parameter based on the multivariate analyses in Tables 3–5:
subtotal fat mass, trunk-to-limb fat mass ratio, and appen-
dicular lean mass. When controlled for age, sex, ethnicity,
and height, both subtotal fat mass and trunk-to-limb fat mass
ratio showed positive associations with MRI-PDFF in this
regression model (P < 0.001), whereas appendicular lean
mass was not significantly associated (P = 0.521) (Table 7,
model 1). When also including weight in this model, only
the trunk-to-limb fat mass ratio showed a positive associa-
tion with MRI-PDFF (ß = 2.277, P < 0.001), while the asso-
ciations between MRI-PDFF with either subtotal fat mass or
appendicular lean mass were no longer significant (P = 0.418
and 0.799, respectively) (Table 7, model 2).

Discussion

We performed a cross-sectional study in 227 children to
assess the relationship between measures of body compo-
sition and MRI-PDFF, a biomarker of hepatic steatosis.
More specifically, we simultaneously studied body compo-
sition domains of total-body adipose, adipose distribution,
and total-body lean mass and the relative strength of their
associations with hepatic MRI-PDFF. We found that total-
body adipose mass, centralized adipose regionalization, and
lean mass were all positively associated with higher hepatic
MRI-PDFF, whereas subtotal lean mass fraction and appen-
dicular lean mass fraction were negatively associated with
hepatic MRI-PDFF. However, after adjusting for weight,
only the positive association between centralized adiposity
and hepatic MRI-PDFF remained significant. Comparisons
of the relative influences of these three indices against each
other suggest that centralized fat distribution is more
strongly associated with MRI-PDFF than total-body adipose
or lean mass.

We first found that indices of adiposity, such as BMI and
subtotal fat mass, all positively associated with hepatic
MRI-PDFF, suggesting that greater adiposity, independent
of where it is stored, is associated with greater hepatic fat.
There have been other pediatric studies that have looked at
the relationship between measures of total-body adiposity
and the severity of hepatic steatosis. Our findings are con-
sistent with two of these studies, in which measures of obe-
sity correlated with measures of steatosis and, more generally,
with indices of metabolic syndrome.12,36 However, the re-
lationship of total adiposity may be more naunced, as

Table 3. Association of Total Adipose with Hepatic Steatosis by Multivariate Analysis

Individual measures of total adiposity

BMI, kg/m2 BMI z-score Subtotal fat mass, kg Subtotal percent fat, %

ß R2 P ß R2 P ß R2 P ß R2 P

Adjustment 1 0.590 0.296 <0.001 0.575 0.276 <0.001 0.038 0.254 <0.001 0.040 0.217 <0.001
Adjustment 2 0.072 0.298 <0.001 0.465 0.284 <0.001 0.030 0.296 <0.001 0.037 0.312 <0.001
Adjustment 3 0.044 0.311 0.195 0.155 0.312 0.154 -0.004 0.305 0.969 0.009 0.312 0.135

Bold means statistically significant (P < 0.05).
Adjustment 1: Multivariate analysis controlling for height, age, sex, and ethnicity; Adjustment 2: Multivariate analysis controlling for height,

age, sex, ethnicity, and subtotal lean mass; Adjustment 3: Multivariate analysis controlling for height, age, sex, ethnicity, and weight.
The regression estimate (ß) demonstrates how a 1-U change in each of the body indices affects PDFF on a logarithmic scale.

Table 2. Demographic, Clinical,

and Anthropometric Characteristics

of the Study Population

Characteristics Total (n = 227)

Age, years (SD) 12.1 (2.6)
Gender, n (%)

Male 138 (0.61)
Female 89 (0.39)

Ethnicity, n (%)
Hispanic or Latino 184 (0.81)
NOT Hispanic or Latino 42 (0.19)
Unknown/not reported 1 (0.0044)

Anthropometric, mean (SD)
Height, cm 156.2 (13.2)
Weight, kg 69.3 (21.8)

Chemistries, mean (SD)
ALT, U/L 31.6 (25.2)
AST, U/L 29.1 (12.1)
GGT, U/L 22.2 (11.1)
Glucose, mg/dL 86.4 (9.2)
Insulin, mg/dL 27.3 (27.3)

Liver fat index, % (SD)
MRI-PDFF 8.4 (7.7)

Absolute adipose indices, mean (SD)
BMI, kg/m2 27.8 (5.5)
BMI z-score 1.8 (0.7)
Subtotal fat mass, kg 25.3 (10.6)
Subtotal percent fat, % 38.9 (8.2)
Total-body percent fat z-score 1.7 (0.7)

Body fat distribution indices, mean (SD)
Trunk-to-limb fat mass ratio, kg/kg 0.97 (0.19)
Trunk-to-limb fat mass ratio z-score 1.4 (0.7)
Percent VAT, % 0.18 (0.07)

Lean mass indices, mean (SD)
Subtotal lean mass, kg 37.7 (12.6)
Appendicular lean mass, kg 18.1 (6.2)
Appendicular lean mass/height2

z-score
0.6 (1.0)

Subtotal lean mass fraction, % 0.55 (0.07)
Appendicular lean mass fraction, % 0.26 (0.04)

ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BMI, body mass index; GGT, gamma-glutamyl transferase; MRI-
PDFF, magnetic resonance imaging proton density fat fraction; SD,
standard deviation.

226 MALKI ET AL.



several pediatric studies have reported no relationship be-
tween total body fat and pediatric hepatic steatosis; these
studies used either BMI or percent body fat as a measure for
adisposity, and were typically conducted in pediatric popu-
lations with more severe obesity than our study.22,37–39 This
suggests that the positive relationship between adiposity and
hepatic MRI-PDFF is most relevant across the spectrum of
BMI percentile, as in our study, but may not be relevant in
populations constrained to children with severe obesity.

In addition to total-body adipose, we found that VAT
volume is also strongly associated with hepatic MRI-PDFF.
The positive relationship between trunk-to-limb fat mass
ratio and hepatic MRI-PDFF suggests that fat stored abdom-
inally, rather than in the lower extremities, is associated
with increased liver fat. Our findings are consistent with
those of Johansen et al., who found that BMI z-score and
trunk-regional-fat-percent measured by DXA were posi-
tively associated with having >1.5% liver fat as measured
by MR spectroscopy in Danish children with obesity.40

Additionally, we found a positive association between
percent VAT with hepatic MRI-PDFF, suggesting that vis-
ceral partitioning of fat within the abdomen is correlated with
hepatic steatosis. These findings corroborate the conclusions
of a 2008 cross-sectional study conducted by Taksali et al.
that analyzed the relationship between abdominal fat pat-
terning and hepatic fat fraction in adolescents with obesity.
Using MRI to quantify liver fat and VAT, they found that the
terciles with a greater proportion of visceral abdominal fat

had greater hepatic fat fraction, dyslipidemia, and insulin
resistance.17 In the present study, which included a population
with a wider range of BMI, we found that higher visceral fat
proportion was associated with higher hepatic MRI-PDFF,
even in those participants with milder obesity.

In addition to adiposity, we found that total-body lean mass
was positively associated, and that appendicular lean mass
fraction was negatively associated with hepatic MRI-PDFF.
The positive association between lean mass and MRI-PDFF
was surprising, given the protective nature of myokines in
preventing systemic inflammation and insulin resistance.41,42

However, these associations between lean mass and liver
MRI-PDFF should be interpreted in the context of the pa-
tient’s weight and overall total-body fat mass. Because
muscle mass is positively associated with BMI,43 people with
higher BMI tend to have more lean mass in general. Thus,
BMI is independently positively associated both with hepatic
steatosis and with muscle mass, confounding the direct rela-
tionship between muscle mass and steatosis. As a result, the
positive association of higher lean mass with higher steatosis
may be an artifact of the higher BMI of these children.

When controlling for participants’ weight, the significant
association between lean mass and MRI-PDFF was lost,
suggesting that hepatic steatosis is more strongly related to
adipose mass. Interestingly, these findings differ from pre-
vious work by Yodoshi et al. who found that pediatric
NAFLD was negatively associated with both total psoas
muscle surface area and total-body muscle mass, even after
controlling for age, sex, ethnicity, type 2 diabetes mellitus,
and BMI z-score. This contradiction may be due to the
different severity of disease between the sample populations
of these studies. The study population in Yodoshi et al. had a
mean BMI z-score of *2.421 and only included patients
diagnosed with NAFLD (mean MRI-PDFF of 22.7%).22

Because their patients were skewed toward more severe
obesity and more severe steatosis, they may have been better
able to detect the negative association between muscle mass
and liver fat, that we did not find in our study.

However, the higher BMI z-scores observed in their study are
less representative of many children with NAFLD that have
mild-to-moderate obesity. Thus, the findings in our study may be
more generalizable, suggesting that muscle mass is commonly
not associated with hepatic steatosis accumulation in children.

Through the simultaneous comparison of total adipose
mass, adipose distribution, and lean mass, we found that
fat distribution had the strongest association with hepatic
MRI-PDFF. While greater adipose mass was associated with

Table 5. Association of Total Lean Mass with Hepatic Steatosis by Multivariate Analysis

Individual measures of total lean mass

Subtotal lean
mass, kg

Appendicular lean
mass, kg

Subtotal lean mass
fraction, kg/kg

Appendicular lean mass
fraction, kg/kg

ß R2 P ß R2 P ß R2 P ß R2 P

Adjustment 1 0.054 0.221 <0.001 0.091 0.190 <0.001 23.650 0.180 <0.001 26.810 0.180 <0.001
Adjustment 2 0.035 0.296 <0.001 0.059 0.286 0.003 3.450 0.270 0.033 4.350 0.263 0.114
Adjustment 3 0.006 0.296 0.679 -0.002 0.295 0.946 0.118 0.295 0.908 -0.278 0.296 0.880

Bold means statistically significant (P < 0.05).
Adjustment 1: Multivariate analysis controlling for height, age, sex, and ethnicity; Adjustment 2: Multivariate analysis controlling for

height, age, sex, ethnicity, and subtotal fat mass; Adjustment 3: Multivariate analysis controlling for height, age, sex, ethnicity, and weight.
The regression estimate (ß) demonstrates how a 1-U change in each of the body indices affects PDFF on a logarithmic scale.

Table 4. Association of Adipose Distribution

with Hepatic Steatosis by Multivariate Analysis

Individual measures of adipose distribution

Trunk-to-limb
fat mass ratio Percent VAT

ß R2 P ß R2 P

Adjustment 1 2.700 0.406 <0.001 2.090 0.130 0.024
Adjustment 2 2.470 0.413 <0.001 1.990 0.240 0.022
Adjustment 3 2.180 0.448 <0.001 3.330 0.348 <0.001

Bold means statistically significant (P < 0.05).
Adjustment 1: Multivariate analysis controlling for height, age, sex,

and ethnicity; Adjustment 2: Multivariate analysis controlling for height,
age, sex, ethnicity, and subtotal lean mass; Adjustment 3: Multivariate
analysis controlling for height, age, sex, ethnicity, and weight.

The regression estimate (ß) demonstrates how a 1-U change in
each of the body indices affects PDFF on a logarithmic scale.
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greater liver MRI-PDFF, the regionalization of visceral fat
correlated more strongly with hepatic MRI-PDFF. Our
results align with a study led by Alferink et al., which
evaluated the association of fat and muscle mass with
NAFLD in European adults from the Rotterdam Study.
Alferink et al. found that centralized adiposity had the
strongest association with NAFLD, above both total-body
fat and muscle mass.18 Our study expanded on this finding
by extending it to American youth. Interpreted together,
these findings suggest that, while BMI may be an uncom-
plicated way to assess hepatic steatosis risk, it does not
account for individual body types and thus does not capture
the nuances between body composition and hepatic stea-
tosis. This also suggests that interventions that preferentially
decrease VAT may be more likely to decrease hepatic stea-
tosis, although studies are needed to test this hypothesis.

There have been previous studies examining interventions
that disproportionately target visceral fat. For example, lir-

aglutide, a GLP-1 receptor agonist, was found to preferen-
tially decrease VAT in adults with overweight or obesity.
Along with decreasing liver MRI-PDFF, liraglutide use was
associated with a relative reduction in visceral fat that was
twice as large as the reduction in overall total-body fat.44 In
addition to pharmacological interventions, a meta-analysis
of 39 studies concluded that lower-intensity, high-intensity
interval training (HIIT) (80%–90% of peak heart rate) was
more successful at reducing abdominal and visceral fat
mass, while high-intensity HIIT training (above 90% of
maximum heart rate) was more effective at decreasing total-
body adiposity.45 These studies conducted in adults, com-
bined with our data, raise the possibility that pharmaco-
logical and exercise interventions exist that could
target visceral adipose and, in turn, hepatic steatosis. Studies
should test these interventions in children.

The strengths of our study include the use of MRI-PDFF
and DXA to accurately quantify hepatic steatosis and body
composition, respectively. Using these validated techniques
allowed for the accurate simultaneous comparison between
the strength of fat and lean indices with hepatic steatosis.
Additionally, our large, community-based study population
allowed us to generalize these findings more broadly. One
potential limitation of our study is that the sample popula-
tion comprised mostly Hispanic children. However, there is
a higher prevalence of NAFLD among Hispanic children
and, as a result, our study sample reflects a population most
at risk. Additionally, we assessed lean mass but did not
assess muscle ‘‘quality’’ and, thus, did not investigate asso-
ciations between muscle density or strength with liver fat.

Potential confounders not examined in our study were phys-
ical activity and diet composition, which can influence body
composition. Visceral and SAT were measured at a single
level: the umbilicus; future studies might benefit by total vis-
ceral and SAT segmentation. Finally, because of the cross-
sectional design of our study, conclusions can only be drawn
about correlation, rather than causation.

In conclusion, we found in a population of children at
risk for NAFLD that hepatic steatosis was more strongly as-
sociated with adipose regionalization than total adipose
amount, and the association of lean mass was not independent
of fat mass or body weight. Our findings may guide studies to
unravel the understanding of biological pathways contributing
to hepatic steatosis. Additionally, we speculate that pharma-
cologic and exercise interventions shown to target visceral fat
loss hold promise for decreasing liver fat and propose that such
interventions should be evaluated in children for this purpose.
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ethnicity, height, and weight. The regression estimate (ß) demon-
strates how a 1-U change in each of the body indices affects PDFF
on a logarithmic scale.

Table 6. Association of Body Composition Z-Scores with Hepatic Steatosis by Multivariate Analysis

Category Measure ß R2 P

Absolute adipose mass BMI z-score 0.575 0.276 <0.001
Total body percent fat z-score 0.466 0.210 <0.001

Body fat distribution Trunk/limb fat mass ratio z-score 0.657 0.392 <0.001
Absolute lean mass Appendicular lean mass/height2 z-score 0.320 0.213 <0.001

Bold means statistically significant (P < 0.05).
Multivariate analysis controlling for height, age, sex, and ethnicity. The regression estimate (ß) demonstrates how a 1-U change in each

of the body indices affects PDFF on a logarithmic scale.
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