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Abstract

Purpose To define the relationship between compartmental abdominal fat stores, liver and pancreatic fat fractions, and type
2 diabetes mellitus (T2DM) in children with non-alcoholic fatty liver disease (NAFLD).

Methods This was a retrospective study of patients with NAFLD who underwent abdominal MRI between August 2015
and July 2017. Using an axial multi-echo Dixon-based sequence, liver fat fraction (LFF) and pancreatic fat fraction (PFF)
were measured. The fat image was used to quantify abdominal fat depots (thickness, cross-sectional area) at the L2 vertebral
level. Multivariable models with stepwise selection were created for prediction of LFF, PFF, and T2DM status based upon
variables of clinical interest.

Results 86 patients (70% male, 25% Hispanic, 58% Caucasian, 11% African American) with a mean age of 14.2+ 3.2 years
were included. 19 (22%) patients were pre-diabetic or diabetic. Only ethnicity was a predictor of LFF (P =0.0023) with
Hispanic ethnicity associated with the highest LFF. Depending on the model, either total abdominal fat area (P =0.0003) or
patient weight (P =0.008) were the only predictors of PFF. No patient variable predicted T2DM status.

Conclusions In our population, there was an association between ethnicity and LFF, with the highest LFF in Hispanics. The
presence or severity of hepatic steatosis could not be predicted based on patient size or the distribution of abdominal fat in
our cohort. Neither LFF nor PFF were predictive of T2DM.
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Introduction

Obesity is a significant and growing public health problem
[1]. Among the multitude of health problems associated
with obesity, non-alcoholic fatty liver disease (NAFLD) is
increasing in prevalence [2]. NAFLD has become a domi-
nant cause of chronic liver disease in children and young
adults [3]. Factors predictive of the severity of fatty liver

< Andrew T. Trout
andrew.trout@cchmc.org

Department of Radiology, Cincinnati Children’s Hospital
Medical Center, 3333 Burnet Avenue, MLC 5031,
Cincinnati, OH 45229, USA

Department of Radiology, University of Cincinnati Medical

Center, Cincinnati, USA

Department of Pediatrics, University of Cincinnati College
of Medicine, Cincinnati, USA

Division of Gastroenterology, Hepatology and Nutrition,
Cincinnati Children’s Hospital Medical Center, Cincinnati,
USA

Department of Mathematical Sciences, University
of Cincinnati, Cincinnati, USA

Division of Biostatistics and Epidemiology, Cincinnati
Children’s Hospital Medical Center, Cincinnati, USA

disease remain elusive. Body habitus measurements are con-
founded measures and are variably predictive of the severity
of liver disease [4, 5]. Further understanding of the inter-
relationship between such measures and liver fat deposition
is needed.

The reference standard for diagnosis of NAFLD and
for assessment of liver disease severity is biopsy, which
is invasive. As such, imaging, particularly magnetic reso-
nance imaging (MRI), is being increasingly used as an
adjunct to serologic biomarkers of liver disease severity.
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MRI facilitates the assessment of the natural history of fatty
liver disease, can serve as a tool that further informs deci-
sions regarding the need for liver biopsy and can be used to
monitor the impact of treatment [6-9].

There are data, largely in the adult literature, that suggest
the distribution of abdominal adipose tissue is predictive of
disease states associated with obesity [e.g., type 2 diabetes
mellitus (T2DM), metabolic syndrome] [10, 11]. MRI pro-
vides a non-ionizing, non-invasive means of measuring body
fat stores. In prior work by Mantatzis et al., intraperitoneal
and retroperitoneal fat volumes were shown to be greater
in adult patients with T2DM and metabolic syndrome than
in body mass index (BMI)-matched controls without these
comorbidities [12]. Similarly, there are data that suggest a
relationship between pancreatic fat content and the presence
of diabetes, but predictors of pancreatic fat and the relation-
ship between pancreatic fat and liver fat remain incompletely
defined [13-15].

The relationship between abdominal fat stores and fat
deposition in the liver and pancreas has been inadequately
assessed in the pediatric population. Understanding these
relationships may further our understanding of the patho-
physiology of conditions associated with excess adiposity,
and might suggest strategies to predict disease or guide inter-
ventions aimed at optimizing weight loss in obese patients at
risk for NAFLD. The primary purpose of this study was to
define the relationship between compartmental abdominal
fat stores, liver and pancreatic fat fractions, and associated
measures of liver disease severity (e.g., stiffness) in a pedi-
atric population. We also sought to define any predictors
of pre-diabetes/diabetes and metabolic disease in the same
patient population.

Methods

This was an Institutional Review Board approved, retrospec-
tive study performed in a single institution. Existing clinical
data, extracted from the electronic medical record, and MR
images were reviewed for patients with presumed (hepatic
steatosis on imaging and/or elevated aminotransferases in
the context of a negative work up for other liver diseases) or
histologically confirmed fatty liver disease, who had under-
gone an abbreviated MRI examination for clinical indica-
tions between August 2015 and July 2017.

MRI examinations had been performed at 1.5 Tesla
(Philips Ingenia, Philips Healthcare; Best, the Netherlands)
utilizing a 16-channel anterior body phase array and 12
channel posterior element coil. Exams included a com-
mercially available axial multi-echo Dixon-based sequence
designed for quantification of liver proton density fat frac-
tion (PDFF) (mDixon Quant®, Philips Healthcare; Best, the
Netherlands). This sequence generates water and fat images
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as well as fat fraction and T2* parametric maps. Addition-
ally, the examinations included MR elastography (MRE)
performed with either a two-dimensional (2D) gradient-
recalled echo-based sequence or a 2D spin-echo echoplanar
imaging-based sequence at 60 Hz as well as an axial T2
weighted fast spin-echo sequence.

As part of the routine clinical exam, liver stiffness, liver
fat fraction, and liver volume had been generated by a group
of dedicated post-processing technologists. MRE had been
post-processed as previously described with generation of a
weighted mean liver stiffness value based on the mean stiff-
ness value measured on each of four images [16]. Liver fat
fraction had been measured on the fat fraction parametric
maps by placing as large of an ovoid region of interest in
the right hepatic lobe while avoiding major vessels with the
mean proton density fat fraction (%) reported. Both liver
stiffness and fat fraction measurements were performed in
Intellispace Portal (Philips Healthcare; Best, the Nether-
lands). Liver volume had been measured based on manual
segmentation of the axial T2 weighted images (Vitrea, Vital
Images, Inc.; Minnetonka, MN).

Pancreatic fat fractions were measured on the fat fraction
parametric maps by a single reviewer (DEH) who placed
ovoid regions of interest in the head/uncinate process of the
pancreas and in the pancreatic tail on a single image each.
Mean fat fraction was reported for the pancreas based on the
average of the two measurements.

Measurement of abdominal fat stores

Abdominal fat stores were measured on the fat image gen-
erated from the mDixon sequence. All measurements were
performed on a single axial image at the level of the midpor-
tion of the L2 vertebral body. The following measurements
were performed (Fig. 1):

e Subcutaneous fat thickness (cm)—Ilinear measurement at
midline from skin surface to the anterior surface of the
rectus muscle

e Midline abdominal fat thickness (cm)—Ilinear measure-
ment at midline from in the inner surface of the rectus
muscle to the anterior edge of the L2 vertebral body

e Total fat area (mm?)—included abdominal wall and intra-
abdominal fat

e Abdominal fat area (mm?)—limited to fat bounded by the
abdominal wall muscles

e Retroperitoneal fat area (mm?)—limited to abdominal fat,
bounded anteriorly by a line transecting the ascending
and descending colon

Based on these measures, subcutaneous and intraperito-
neal fat areas (mm?) were calculated:
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Fig. 1 Measurement of
abdominal fat stores on axial
MR images obtained of an
11-year-old Caucasian boy with
fatty liver disease. All measure-
ments were performed at the
L2 vertebral level. a Fat image
from mDixon sequence showing
measurement of subcutaneous
fat thickness “A” and midline
abdominal fat thickness “B”. b
Fat image after iterative thresh-
olding. ¢ Representation of
regions of interest (ROI) drawn
to calculate cross-sectional fat
area. The yellow ROI demar-
cates “total fat area”. The white
ROI demarcates “abdominal fat
area”. The blue ROI demar-
cates “retroperitoneal fat area”.
Based on these measurements,
“subcutaneous fat area” and
“intraperitoneal fat area” were
calculated

e Subcutaneous fat area=total fat area minus abdominal
fat area

e Intraperitoneal fat area=abdominal fat area minus retro-
peritoneal fat area

Linear measurements were performed by a single
reviewer (DEH) utilizing Intellispace Portal. Fat area meas-
urements were performed by a separate reviewer (ATT) uti-
lizing ImageJ (v1.48k 2013, National Institutes of Health,
Bethesda, MD). In Imagel, iterative thresholding was
applied to the fat image using the isodata algorithm which
essentially separates the image into two elements (in this
case, fat and not fat) [17]. The cross-sectional area of fat
pixels for the single slice was then measured using the free-
hand ROI tool.

Chart review

Electronic medical records (EPIC, Verona, WI) were
reviewed for patient height, weight, BMI (and BMI z-score),
and age at the time of the MR exam. Records were also
reviewed for self-reported ethnicity, for T2DM status cat-
egorized as an ordinal variable: diabetic, insulin resistant, or
non-diabetic, and for use of metformin in diabetic patients.
Hemoglobin Alc measurements closest to the MRI exami-
nation were used to define T2DM status with >5.7%—6.4
considered pre-diabetes and > 6.5% considered diabetes
[18]. For the purpose of analysis, pre-diabetes and diabetes
were combined due to the low frequency of diabetes in the
population.

Statistical analysis

For the purpose of assessment of predictive variables,
abdominal fat areas were considered in terms of absolute
area, as well as in terms of distribution, expressed as a
percentage of total abdominal fat area. Proportional odds
logistic modeling was used for assessment of univariate
associations between continuous variables and diabetes
status (categorical variable). Fisher’s exact test was used
for assessment of univariate associations between categori-
cal variables. Analysis of variance (ANOVA) was used for
assessment of univariate associations between continuous
variables and patient ethnicity with Tukey’s test used for
comparison of differences between specific paired ethnici-
ties. Multivariable models with stepwise selection were cre-
ated based upon variables of clinical interest and relevance.
All analyses were performed using SAS version 9.4 (SAS
Institute Inc.; Cary, NC). P values less than 0.05 were con-
sidered statistically significant.

Results

A total of 86 patients (n =60, 69.8% male), with a mean age
of 14.2+3.2 years, were included in this study. The major-
ity of the patients (n=50, 58.1%) were Caucasian, 24.4%
(n=21) were Hispanic, 10.5% (n=9) were African Ameri-
can, and the remainder were non-Hispanic, not otherwise
specified. The mean BMI z-score of the study cohort was
2.46+0.39. Based on hemoglobin Alc, two patients (2.3%

@ Springer



3110

Abdominal Radiology (2019) 44:3107-3114

of 86) had T2DM, one of whom was on metformin, and
17 (19.8%) were pre-T2DM. Mean liver fat fraction for the
population was 19.01 +10.54% and 8 patients (9.3% of 86)
had pancreatic steatosis based on an adult definition of pan-
creatic fat fraction> 10.4% [19].

There were significant associations between ethnicity
and multiple variables (Table 1). Specifically, when com-
pared to Hispanic patients, African American patients were
older (mean difference: 5.0 years, P <0.001), heavier (mean
difference: 55.1 kg, P<0.001), taller (mean difference:
21.7 cm, P<0.001), and had a higher BMI (mean difference:
11.7 kg/m?, P <0.001 [BMI z-score was not significantly
different]). Despite these differences, liver fat was, on aver-
age 12% lower in African American patients (P =0.015).
Similarly, when compared to Hispanic patients, Caucasian
patients were older (mean difference: 3.0 years, P=0.001),
heavier (mean difference 33.7 kg, P <0.001), taller (mean

difference: 18.9 cm, P <0.001), and had a higher BMI
(mean difference: 6.2 kg/mz, P=0.006 [BMI z-score was
not significantly different]). Further, liver volume was on
average 528 mL higher in Caucasian patients. Despite these
differences, liver fat was, on average, 7% lower in Caucasian
patients (P =0.025). There were no significant differences
between African American and Caucasian patients with
respect to the individual variables in Table 1.

Liver fat fraction

Based on univariate analysis, the only variables that were
significantly associated with liver fat fraction were liver
volume (r=0.38, P=0.0004) and liver stiffness (r=—0.24,
P =0.0249) (Table 2). There was no significant relationship
between liver fat fraction and patient size (height, weight),
sex or quantity or distribution of abdominal fat.

Table 1 Association between self-reported ethnicity and patient specific variables

Variable Caucasian (n=50) Hispanic (n=21) African American Non-Hispanic, P value
mean + SD mean +SD (n=9) mean+SD NOS (n=6)
mean =+ SD
Age 14.82+2.72 11.81+3.3 16.78 +3.07 13.33+3.14 0.0001
Sex (male) 76% (n=38) 52% (n=11) 67% (n=06) 83% (n=5) 0.2211
Weight (kg) 106.4+27.3 72.7+28.9 127.8 +32.1 89.8+39.5 <.0001
Height (cm) 168.6+10.4 149.7+17.1 171.3+12.0 164.7+19.2 <.0001
BMI (kg/m?) 374+7.0 31.3+6.6 42.9+6.1 31.2+9.5 0.0001
BMI z-score 25+0.4 23+04 2.7+0.4 23+0.4 0.0586
Diabetes status Pre/Yes: 16% (n=238) Pre/Yes: 28.6% (n=06) Pre/Yes: 22.2% (n=2) Pre: 50% (n=3) 0.1955
Liver stiffness (kPa) 2.61+1.01 2.20+0.48 2.02+0.23 2.88+0.80 0.0709
Liver volume (mL) 2359 +628 1831+629 2061 +758 1957 + 642 0.0157
Pancreatic fat fraction (%) 6+4 5+5 5+4 6+3 0.5748
Liver fat fraction (%) 18+10 26+9 13+10 12+12 0.0023
Total fat area (mm?) 52,276 +15,053 38,687+ 15,796 58,947 +13,962 40,292 +£19,251 0.0020
Intra-abdominal fat area 14,589 +5849 9311+4868 13,424 +7701 9128 +4282 0.0042
(mm?)
Retroperitoneal fat area 5932+2546 3811+1728 5144 +3844 3429 +2226 0.0074
(mm?)
Intraperitoneal fat area 8657 +3985 550043723 82804599 5699 +2325 0.0172
(mm?)
Subcutaneous fat area 37,686+ 11,657 29,376 +12,993 45,523 +12,602 31,164 +16,656 0.0098
(mm?)
Percent intraperitoneal fat 16+6 14+8 14+9 17+ 0.6102
Percent retroperitoneal fat 11+4 10+4 9+5 10+ 0.3117
Percent subcutaneous fat 7248 75+ 10 77+13 73+ 14 0.4266
Subcutaneous fat thickness 4.1+1.1 39+1.1 48+14 3.8+1.7 0.1974
(cm)
Midline abdominal fat thick- 9.1+2.0 8.0+£2.0 85+2.8 7.7+2.4 0.1610

ness (cm)

ANOVA was used for continuous variables and Fisher Exact test was used for categorical variables. Significant differences largely reflect differ-
ences between Hispanic patients and Caucasian patients and between Hispanic patients and African American patients (see “Results” section)

Statistically significant P values are indicated in bold

ANOVA analysis of variance, NOS not otherwise specified, Pre pre-diabetes, kPa kilopascals, SD standard deviation
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Table 2 Univariate relationships
(Pearson’s r) between predictor
variables and liver fat fraction,
liver stiffness, and pancreatic fat
fraction

Variable Liver fat fraction Liver stiffness Pancreatic fat fraction
Age —0.107 (P=0.3303) 0.111 (P=0.3103) 0.218 (P=0.0511)
Sex? (P=0.134) (P=0.874) (P=0.331)

Height —0.119 (P=0.2820) 0.0834 (P=0.4481) 0.20299 (P=0.0709)
Weight —0.0888 (P=0.4190) 0.133 (P=0.2239) 0.293 (P =0.0080)
BMI z-score 0.0384 (P=0.7301) 0.0763 (P=0.4906) 0.2303 (P =0.0411)

Liver volume

Liver fat fraction
Liver stiffness
Pancreatic fat fraction
Total fat area
Abdominal fat area
Intraperitoneal fat area
Retroperitoneal fat area
Subcutaneous fat area
% intraperitoneal fat
% retroperitoneal fat
% subcutaneous fat

Subcutaneous fat thickness

Abdominal fat thickness

0.379 (P =0.0004)

—0.243 (P=0.0249)
—0.00828 (P=0.9419)
—0.0513 (P=0.6471)
0.0739 (P=0.5093)
0.0448 (P=0.6896)
0.102 (P=0.3626)
—0.100 (P=0.3705)
0.0593 (P=0.5970)
0.107 (P=0.3372)
—0.0895 (P=0.4241)
—0.0890 (P=0.4179)
0.186 (P=0.0888)

0.148 (P=0.1775)
—0.243 (P=0.0249)

—0.06114 (P=0.5877)
0.146 (P=0.1876)
0.173 (P=0.1183)
0.163 (P=0.1417)
0.148 (P=0.1811)
0.104 (P=0.3480)
0.0730 (P=0.5120)
0.0860 (P=0.4395)
—0.0910 (P=0.4150)
—0.0796 (P=0.4665)
0.298 (P =0.0053)

0.235 (P=0.0362)
—0.00828 (P=0.9419)
—0.0611 (P=0.5877)

0.395 (P=0.0003)
0.407 (P=0.0002)
0.387 (P =0.0004)
0.347 (P=0.0017)
0.304 (P=0.0064)
0.141 (P=0.2159)
0.110 (P=0.3365)
—0.150 (P=0.1857)
0.170 (P=0.1282)
0.311 (P=10.0047)

Statistically significant associations are indicated in bold

4Two sample ¢ test used for comparison of means

In a multivariable model to predict liver fat percentage
based on age, height, weight, ethnicity, diabetes status, and
percent fat in each abdominal depot (intraperitoneal, retro-
peritoneal, subcutaneous), only ethnicity was a significant
predictor of liver fat (P =0.0023) with Hispanic ethnicity
associated with the highest liver fat fraction.

Liver stiffness

In addition to its correlation with liver fat fraction, the only
other variable with which liver stiffness was significantly
associated on univariate analysis was midline abdominal fat
thickness (r=0.3, P=0.0053). This was despite lack of cor-
relation with absolute area of abdominal fat stores or with
relative distribution of abdominal fat (Table 2).

Pancreatic fat fraction

Based on univariate analysis, pancreatic fat was signifi-
cantly associated with patient weight (r=0.29, P=0.008),
BMI z-score (r=0.23, P=0.0411), absolute fat area in each
location of abdominal fat stores (r=0.30-0.40 depending
on location; Table 2), and with midline abdominal fat thick-
ness (r=0.31, P=0.0047). There was no significant associa-
tion between pancreatic fat and abdominal fat stores when
expressed in terms of distribution (percent fat in each depot:
intraperitoneal, retroperitoneal, subcutaneous).

In a multivariable model to predict pancreatic fat percent-
age based on age, height, weight, ethnicity, liver fat percentage,
and total fat area, only total fat area was a significant predictor
of pancreatic fat percentage (P =0.0003). Specifically, each
1000 mm? increase in total fat area was associated with a
0.11% increase in pancreatic fat fraction.

In a second multivariable model to predict pancreatic fat
percentage based on age, height, weight, ethnicity, liver fat
percentage, and fat distribution (percent in each depot: intra-
peritoneal, retroperitoneal, subcutaneous), only weight was a
significant predictor of pancreatic fat percentage (P=0.008).
Specifically, each 10 kg increase in weight was associated with
a0.39% increase in pancreatic fat.

Diabetes status

Based on univariate logistic regression, no single variable
was statistically significantly predictive of diabetes status
(Table 3). Midline abdominal fat thickness approached sig-
nificance (P=0.0603) but the confidence interval for the odds
spanned 1. Attempts at multivariable modeling with stepwise
selection failed to result in generation of a model to predict
diabetes status.
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Table 3 Association between diabetes status (diabetes vs. pre-diabe-
tes or no diabetes) and predictor variables based on univariate logistic
regression

Variable Odds ratio [95% CI] P value

Age 1.06 [0.91-1.25] 0.45
0.29 [0.03-2.69] 0.27
0.19[0.03-1.12]

Ethnicity (Hispanic) 0.4 [0.06-2.57]

Sex 1.98 [0.69-5.71] 0.21

Ethnicity (African American)
Ethnicity (Caucasian)

Height (cm) 1.01 [0.98-1.04] 0.6
Weight (kg) 1.00 [0.99-1.02] 0.68
BMI (kg/m?) 1.01 [0.95-1.08] 0.74
BMI z-score 0.66 [0.18-2.44] 0.53
Liver volume (mL) 1.00 [1] 0.67
Liver fat (%) 1.03 [0.98-1.08] 0.23
Liver stiffness (kPa) 1.32[0.78-2.23] 0.3
Average pancreatic fat (%) 1.02 [0.91-1.14] 0.79
Total fat area (mm?) 1.00 [1] 0.38
Intra-abdominal fat area (mm?) 1.00 [1] 0.99
Retroperitoneal fat area (mm?) 1.00 [1] 0.77
Intraperitoneal fat area (mm?) 1.00 [1] 0.83
Subcutaneous fat area (mm?) 1.00 [1] 0.26
% intraperitoneal fat 0.96 [0.89-1.04] 0.32
% retroperitoneal fat 0.97 [0.85-1.11] 0.66
% subcutaneous fat 1.03 [0.97-1.09] 0.35
Subcutaneous fat thickness (cm) 1.47 [0.93-2.3] 0.096
Midline abdominal fat thickness (cm) 0.78 [0.6-1.01] 0.060

CI confidence interval

Discussion

In this study we have sought to define patient specific fac-
tors (including body habitus, characterized in terms of the
distribution of abdominal fat) that are predictive of liver
fat fraction, pancreatic fat fraction, and T2DM status in a
pediatric population. There were no clear patient specific
morphometric predictors of liver fat fraction. That is to say,
neither patient height nor weight nor BMI (or BMI z-score)
were predictive. The distribution and quantity of abdominal
fat also failed to predict liver fat fraction. As such, it is not
clear that the presence or severity of fatty liver disease can
be predicted based on external measures of patient size or
based on the particular distribution of fat for a given pedi-
atric patient. This result conflicts with prior adult studies
which have shown associations between liver fat content and
both waist circumference and the quantity of intra-abdom-
inal fat [4, 20, 21]. Further study is needed to clarify these
conflicting findings.

Of note, in our population, there was a clear and strong
association between self-reported ethnicity and liver fat
fraction. Hispanic patients as a group had higher liver
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fat fraction that either Caucasian or African American
patients. This was despite Hispanic patients being younger
and despite Caucasian and African American patients hav-
ing higher BMI values (and BMI z-scores that trended
towards statistically significant differences) in our popu-
lation. Toledo-Corral et al. similarly showed higher liver
fat fraction in Hispanic adolescent patients compared with
African American patients [22]. Results in adults, how-
ever, have been conflicting with Browning et al. showing
a higher average liver fat among Hispanics in a study of
more than 2000 adults but Nazare et al. reporting no ethnic
differences in liver fat fraction despite differences in the
distribution in abdominal adiposity among more than 4000
adults [23, 24].

Despite the lack of observed association between liver
fat fraction and morphometric measures, we did find that
pancreatic fat fraction relates to the degree of patient obesity.
Specifically, univariate analysis suggests that pancreatic fat
fraction is predicted more by the absolute quantity of abdom-
inal fat than the distribution of fat. Positive associations were
observed between pancreatic fat and patient weight and fat
area in each abdominal depot but without particular associa-
tion with one depot. Notably, weight and total abdominal fat
area remained the only significant predictors of pancreatic
fat fraction on multivariable analysis. Our results are con-
cordant with an adult study of 685 adult Chinese volunteers.
In that study, pancreatic steatosis (defined as > 10.4%) was
observed in 16% of patients and was associated with central
obesity (waist circumference). In their study, Le et al. also
showed an association between abdominal fat and pancre-
atic fat fraction but showed that association to be limited to
visceral adiposity, not subcutaneous adiposity [19]. While
not entirely concordant, these findings suggest that there is
at least some association between the severity of abdominal
obesity and pancreatic fat fraction.

Our study failed to show associations between liver fat
fraction and pancreatic fat fraction and T2DM status. In
our population, no patient factor was statistically signifi-
cantly associated with diabetes status (normal vs. pre-dia-
betic + diabetic). As such, our study fails to confirm prior
data showing relationships between distribution of abdomi-
nal fat, liver fat fraction, pancreatic fat fraction, and diabetes
status. Such relationships have largely been demonstrated
in adults but have also been shown in pediatric studies [21,
22, 25-28]. Pacifico et al. showed that in 158 adolescents,
liver fat fraction was predictive of pre-diabetes, and Toledo-
Corral et al. showed relationships between liver fat fraction
or pancreatic fat fraction and diabetes in obese adolescents
[22, 27]. Other studies, however, have shown relationships
between pancreatic fat fraction and metabolic syndrome, but
not frank glucose intolerance [29, 30]. It is possible that the
discordance between our study and prior studies reflects the
low prevalence of frank diabetes in our population.
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While this study was focused on identifying predictors
of hepatic and pancreatic fat fraction as well as diabetes
status, we have confirmed our prior findings that liver fat,
liver volume and liver stiffness are interrelated [31]. Spe-
cifically, liver fat appears to have a softening effect (an
inverse relationship with liver stiffness) and is associated
with an increase in liver volume. Of note, some of the
patients in the current cohort were included in our prior
study. As such, the strength of this confirmation should not
be over-interpreted. Newly identified in this study, how-
ever, is a fair positive correlation between liver stiffness
and midline abdominal fat thickness. To our knowledge,
such a relationship has not been previously identified and
its significance is uncertain. One could interpret this to
suggest that increased abdominal adiposity is associated
with increased stiffness but the lack of demonstrable rela-
tionship between measured fat areas and distribution and
liver stiffness argues against this.

While our study has some unique findings, it has impor-
tant limitations. First, this was a retrospective study with
image sequences not optimized for, or targeted at, quan-
tification of fat distribution. Most studies in the literature
favor performing these measures at L3/L4. Due to ana-
tomic coverage for clinical indications, we were forced
to perform these measurements at L2. The significance of
this difference is uncertain but we do note that one study
has shown abdominal fat areas at L2/L.3 to best correlate
with volumetric assessments of abdominal adiposity [32].
Second, we have not defined the reproducibility of the fat
depot measurements performed in this study. Third, meas-
urements in this study were of cross-sectional fat area.
Recently, there has been increased attention paid to volu-
metric measures of abdominal and total adiposity which
were not used in this study. That said, at least one study
suggests that cross-sectional measures strongly correlate
with volumetric measures of abdominal adiposity [32].
Last, the frequency of diabetes in our population was low
(2% diabetes, 20% pre-diabetes) which may influence the
observed significance, or lack thereof, of some findings.

In conclusion, in our population of children and young
adults with known or suspected fatty liver disease, there
was a clear association between self-reported ethnicity and
liver fat fraction, with the highest fat fractions in Hispanic
patients. It is not clear that the presence or severity of
fatty liver disease can be predicted based on patient size
measures or the distribution of abdominal fat among meas-
ured depots. There was some suggestion that pancreatic
fat fraction does relate to the degree of obesity but only
to overall fat quantity, not the distribution of fat. Neither
liver fat fraction nor pancreatic fat fraction was predictive
of diabetes status in our population.

Compliance with ethical standards

Conflict of interest None relevant to this article. Dr. Trout receives
unrelated grant support from Siemens Medical Solutions and Canon
Medical Systems for ultrasound research. Dr. Trout also receives
royalties for authorship from Reed Elsevier and Wolters Kluwer. Dr.
Dillman receives unrelated grant support from Siemens Medical Solu-
tions and Bracco.

References

1. Tariq H, Nayudu S, Akella S, Glandt M, Chilimuri S (2016) Non-
Alcoholic Fatty Pancreatic Disease: A Review of Literature. Gas-
troenterology Res 9 (6):87-91. https://doi.org/10.14740/gr73 1w

2. Welsh JA, Karpen S, Vos MB (2013) Increasing prevalence of
nonalcoholic fatty liver disease among United States adolescents,
1988-1994 to 2007-2010. J Pediatr 162 (3):496-500 e491. https://
doi.org/10.1016/j.jpeds.2012.08.043

3. Temple JL, Cordero P, Li J, Nguyen V, Oben JA (2016) A Guide
to Non-Alcoholic Fatty Liver Disease in Childhood and Adoles-
cence. Int J Mol Sci 17 (6). https://doi.org/10.3390/ijms17060947

4. Jakobsen MU, Berentzen T, Sorensen TI, Overvad K (2007)
Abdominal obesity and fatty liver. Epidemiol Rev 29:77-87. https
://doi.org/10.1093/epirev/mxm002

5. Goran M1, Figueroa R, McGloin A, Nguyen V, Treuth MS, Nagy
TR (1995) Obesity in children: recent advances in energy metabo-
lism and body composition. Obes Res 3 (3):277-289

6. Schwimmer JB, Middleton MS, Behling C, Newton KP, Awai
HI, Paiz MN, Lam J, Hooker JC, Hamilton G, Fontanesi J, Sir-
lin CB (2015) Magnetic resonance imaging and liver histology
as biomarkers of hepatic steatosis in children with nonalcoholic
fatty liver disease. Hepatology 61 (6):1887-1895. https://doi.
org/10.1002/hep.27666

7. Middleton MS, Heba ER, Hooker CA, Bashir MR, Fowler KJ,
Sandrasegaran K, Brunt EM, Kleiner DE, Doo E, Van Natta ML,
Lavine JE, Neuschwander-Tetri BA, Sanyal A, Loomba R, Sirlin
CB, Network NCR (2017) Agreement Between Magnetic Reso-
nance Imaging Proton Density Fat Fraction Measurements and
Pathologist-Assigned Steatosis Grades of Liver Biopsies From
Adults With Nonalcoholic Steatohepatitis. Gastroenterology 153
(3):753-761. https://doi.org/10.1053/j.gastro.2017.06.005

8. Middleton MS, Van Natta ML, Heba ER, Alazraki A, Trout AT,
Masand P, Brunt EM, Kleiner DE, Doo E, Tonascia J, Lavine
JE, Shen W, Hamilton G, Schwimmer JB, Sirlin CB, Network
NCR (2018) Diagnostic accuracy of magnetic resonance imaging
hepatic proton density fat fraction in pediatric nonalcoholic fatty
liver disease. Hepatology 67 (3):858-872. https://doi.org/10.1002/
hep.29596

9. Mouzaki M, Trout AT, Arce-Clachar AC, Bramlage K, Kuhnell
P, Dillman JR, Xanthakos S (2018) Assessment of Nonalcoholic
Fatty Liver Disease Progression in Children Using Magnetic
Resonance Imaging. J Pediatr. https://doi.org/10.1016/j.jpeds
.2018.05.024

10. DeFronzo RA, Ferrannini E (1991) Insulin resistance. A multi-
faceted syndrome responsible for NIDDM, obesity, hypertension,
dyslipidemia, and atherosclerotic cardiovascular disease. Diabetes
Care 14 (3):173-194

11. Lindsay RS, Howard BV (2004) Cardiovascular risk associated
with the metabolic syndrome. Curr Diab Rep 4 (1):63-68

12. Mantatzis M, Milousis T, Katergari S, Delistamatis A, Papachris-
tou DN, Prassopoulos P (2014) Abdominal adipose tissue distribu-
tion on MRI and diabetes. Acad Radiol 21 (5):667-674. https://
doi.org/10.1016/j.acra.2014.01.009

@ Springer


https://doi.org/10.14740/gr731w
https://doi.org/10.1016/j.jpeds.2012.08.043
https://doi.org/10.1016/j.jpeds.2012.08.043
https://doi.org/10.3390/ijms17060947
https://doi.org/10.1093/epirev/mxm002
https://doi.org/10.1093/epirev/mxm002
https://doi.org/10.1002/hep.27666
https://doi.org/10.1002/hep.27666
https://doi.org/10.1053/j.gastro.2017.06.005
https://doi.org/10.1002/hep.29596
https://doi.org/10.1002/hep.29596
https://doi.org/10.1016/j.jpeds.2018.05.024
https://doi.org/10.1016/j.jpeds.2018.05.024
https://doi.org/10.1016/j.acra.2014.01.009
https://doi.org/10.1016/j.acra.2014.01.009

3114

Abdominal Radiology (2019) 44:3107-3114

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

Wang CY, Ou HY, Chen MF, Chang TC, Chang CJ (2014) Enig-
matic ectopic fat: prevalence of nonalcoholic fatty pancreas dis-
ease and its associated factors in a Chinese population. ] Am Heart
Assoc 3 (1):e000297. https://doi.org/10.1161/jaha.113.000297
van Geenen EJ, Smits MM, Schreuder TC, van der Peet DL,
Bloemena E, Mulder CJ (2010) Nonalcoholic fatty liver disease
is related to nonalcoholic fatty pancreas disease. Pancreas 39
(8):1185-1190. https://doi.org/10.1097/mpa.0b013e3181f6fce2
Wong VW, Wong GL, Yeung DK, Abrigo JM, Kong AP, Chan
RS, Chim AM, Shen J, Ho CS, Woo J, Chu WC, Chan HL (2014)
Fatty pancreas, insulin resistance, and beta-cell function: a popu-
lation study using fat-water magnetic resonance imaging. Am J
Gastroenterol 109 (4):589-597. https://doi.org/10.1038/ajg.2014.1
Joshi M, Dillman JR, Towbin AJ, Serai SD, Trout AT (2017)
MR elastography: high rate of technical success in pediatric and
young adult patients. Pediatr Radiol 47 (7):838-843. https://doi.
org/10.1007/s00247-017-3831-z

Ridler TW, Calvard S (1978) Picture Thresholding Using an Itera-
tive Selection Method. Ieee T Syst Man Cyb 8 (8):630-632
American Diabetes A (2014) Standards of medical care in dia-
betes—2014. Diabetes Care 37 Suppl 1:S14-80. https://doi.
org/10.2337/dc14-s014

. Le KA, Ventura EE, Fisher JQ, Davis JN, Weigensberg MJ, Pun-

yanitya M, Hu HH, Nayak KS, Goran MI (2011) Ethnic differ-
ences in pancreatic fat accumulation and its relationship with
other fat depots and inflammatory markers. Diabetes Care 34
(2):485-490. https://doi.org/10.2337/dc10-0760

Yaskolka Meir A, Tene L, Cohen N, Shelef I, Schwarzfuchs D,
Gepner Y, Zelicha H, Rein M, Bril N, Serfaty D, Kenigsbuch S,
Chassidim Y, Sarusy B, Dicker D, Thiery J, Ceglarek U, Stumvoll
M, Bluher M, Stampfer MJ, Rudich A, Shai I (2017) Intrahepatic
fat, abdominal adipose tissues, and metabolic state: magnetic reso-
nance imaging study. Diabetes Metab Res Rev 33 (5). https://doi.
org/10.1002/dmrr.2888

Parente DB, Oliveira Neto JA, Brasil P, Paiva FF, Ravani JPR,
Gomes MB, Lanzoni V, Campos CFF, Machado-Silva L, Perez
RM, Rodrigues RS (2018) Preperitoneal fat as a non-invasive
marker of increased risk of severe non-alcoholic fatty liver dis-
ease in patients with type 2 diabetes. J Gastroenterol Hepatol 33
(2):511-517. https://doi.org/10.1111/jgh.13903

Toledo-Corral CM, Alderete TL, Hu HH, Nayak K, Esplana S,
Liu T, Goran MI, Weigensberg MJ (2013) Ectopic fat deposi-
tion in prediabetic overweight and obese minority adolescents. J
Clin Endocrinol Metab 98 (3):1115-1121. https://doi.org/10.1210/
jc.2012-3806

Nazare JA, Smith JD, Borel AL, Haffner SM, Balkau B, Ross
R, Massien C, Almeras N, Despres JP (2012) Ethnic influences
on the relations between abdominal subcutaneous and visceral
adiposity, liver fat, and cardiometabolic risk profile: the Interna-
tional Study of Prediction of Intra-Abdominal Adiposity and Its
Relationship With Cardiometabolic Risk/Intra-Abdominal Adi-
posity. Am J Clin Nutr 96 (4):714-726. https://doi.org/10.3945/
ajen.112.035758

Browning JD, Szczepaniak LS, Dobbins R, Nuremberg P, Hor-
ton JD, Cohen JC, Grundy SM, Hobbs HH (2004) Prevalence

@ Springer

25.

26.

217.

28.

29.

30.

31.

32.

of hepatic steatosis in an urban population in the United States:
impact of ethnicity. Hepatology 40 (6):1387-1395. https://doi.
org/10.1002/hep.20466

de Mutsert R, Gast K, Widya R, de Koning E, Jazet I, Lamb
H, le Cessie S, de Roos A, Smit J, Rosendaal F, den Heijer M
(2018) Associations of Abdominal Subcutaneous and Visceral
Fat with Insulin Resistance and Secretion Differ Between Men
and Women: The Netherlands Epidemiology of Obesity Study.
Metab Syndr Relat Disord 16 (1):54-63. https://doi.org/10.1089/
met.2017.0128

McLaughlin T, Lamendola C, Liu A, Abbasi F (2011) Preferential
fat deposition in subcutaneous versus visceral depots is associated
with insulin sensitivity. J Clin Endocrinol Metab 96 (11):E1756-
1760. https://doi.org/10.1210/jc.2011-0615

Pacifico L, Di Martino M, Anania C, Andreoli GM, Bezzi M,
Catalano C, Chiesa C (2015) Pancreatic fat and beta-cell function
in overweight/obese children with nonalcoholic fatty liver disease.
World J Gastroenterol 21 (15):4688-4695. https://doi.org/10.3748/
wjg.v21.i15.4688

van der Zijl NJ, Goossens GH, Moors CC, van Raalte DH, Muskiet
MH, Pouwels PJ, Blaak EE, Diamant M (2011) Ectopic fat storage
in the pancreas, liver, and abdominal fat depots: impact on beta-
cell function in individuals with impaired glucose metabolism. J
Clin Endocrinol Metab 96 (2):459-467. https://doi.org/10.1210/
jc.2010-1722

Maggio AB, Mueller P, Wacker J, Viallon M, Belli DC, Beghetti
M, Farpour-Lambert NJ, McLin VA (2012) Increased pancreatic
fat fraction is present in obese adolescents with metabolic syn-
drome. J Pediatr Gastroenterol Nutr 54 (6):720-726. https://doi.
org/10.1097/mpg.0b013e318244a685

Staaf J, Labmayr V, Paulmichl K, Manell H, Cen J, Ciba I, Dahl-
bom M, Roomp K, Anderwald CH, Meissnitzer M, Schneider
R, Forslund A, Widhalm K, Bergquist J, Ahlstrom H, Bergsten
P, Weghuber D, Kullberg J (2017) Pancreatic Fat Is Associated
With Metabolic Syndrome and Visceral Fat but Not Beta-Cell
Function or Body Mass Index in Pediatric Obesity. Pancreas 46
(3):358-365. https://doi.org/10.1097/mpa.0000000000000771
Joshi M, Dillman JR, Singh K, Serai SD, Towbin AJ, Xantha-
kos S, Zhang B, Su W, Trout AT (2018) Quantitative MRI of
fatty liver disease in a large pediatric cohort: correlation between
liver fat fraction, stiffness, volume, and patient-specific factors.
Abdom Radiol (NY) 43 (5):1168-1179. https://doi.org/10.1007/
s00261-017-1289-y

Maislin G, Ahmed MM, Gooneratne N, Thorne-Fitzgerald M,
Kim C, Teff K, Arnardottir ES, Benediktsdottir B, Einarsdottir H,
Juliusson S, Pack Al, Gislason T, Schwab RJ (2012) Single slice
vs. volumetric MR assessment of visceral adipose tissue: reliabil-
ity and validity among the overweight and obese. Obesity (Silver
Spring) 20 (10):2124-2132. https://doi.org/10.1038/0by.2012.53

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1161/jaha.113.000297
https://doi.org/10.1097/mpa.0b013e3181f6fce2
https://doi.org/10.1038/ajg.2014.1
https://doi.org/10.1007/s00247-017-3831-z
https://doi.org/10.1007/s00247-017-3831-z
https://doi.org/10.2337/dc14-s014
https://doi.org/10.2337/dc14-s014
https://doi.org/10.2337/dc10-0760
https://doi.org/10.1002/dmrr.2888
https://doi.org/10.1002/dmrr.2888
https://doi.org/10.1111/jgh.13903
https://doi.org/10.1210/jc.2012-3806
https://doi.org/10.1210/jc.2012-3806
https://doi.org/10.3945/ajcn.112.035758
https://doi.org/10.3945/ajcn.112.035758
https://doi.org/10.1002/hep.20466
https://doi.org/10.1002/hep.20466
https://doi.org/10.1089/met.2017.0128
https://doi.org/10.1089/met.2017.0128
https://doi.org/10.1210/jc.2011-0615
https://doi.org/10.3748/wjg.v21.i15.4688
https://doi.org/10.3748/wjg.v21.i15.4688
https://doi.org/10.1210/jc.2010-1722
https://doi.org/10.1210/jc.2010-1722
https://doi.org/10.1097/mpg.0b013e318244a685
https://doi.org/10.1097/mpg.0b013e318244a685
https://doi.org/10.1097/mpa.0000000000000771
https://doi.org/10.1007/s00261-017-1289-y
https://doi.org/10.1007/s00261-017-1289-y
https://doi.org/10.1038/oby.2012.53

	Relationship between abdominal fat stores and liver fat, pancreatic fat, and metabolic comorbidities in a pediatric population with non-alcoholic fatty liver disease
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Measurement of abdominal fat stores
	Chart review
	Statistical analysis

	Results
	Liver fat fraction
	Liver stiffness
	Pancreatic fat fraction
	Diabetes status

	Discussion
	References




