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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in children.
In order to advance the field of NAFLD, noninvasive imaging methods for measuring liver fat are
needed. Advanced magnetic resonance imaging (MRI) has shown great promise for the
quantitative assessment of hepatic steatosis but has not been validated in children. Therefore, this
study was designed to evaluate the correlation and diagnostic accuracy of MRI-estimated liver
proton density fat fraction (PDFF), a biomarker for hepatic steatosis, compared to histologic
steatosis grade in children. The study included 174 children with a mean age of 14.0 years. MRI-
estimated liver PDFF was significantly (p < 0.01) correlated (0.725) with steatosis grade.
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Correlation of MRI-estimated liver PDFF and steatosis grade was influenced by both sex and
fibrosis stage. The correlation was significantly (p<0.01) stronger in girls (0.86) than in boys
(0.70). The correlation was significantly (p<0.01) weaker in children with stage 2—4 fibrosis (0.61)
than children with no fibrosis (0.76) or stage 1 fibrosis (0.78). The diagnostic accuracy of
commonly used threshold values to distinguish between no steatosis and mild steatosis ranged
from 0.69 to 0.82. The overall accuracy of predicting the histologic steatosis grade from MRI-
estimated liver PDFF was 56%. No single threshold had sufficient sensitivity and specificity to be
considered diagnostic for an individual child.

Conclusions—Advanced magnitude-based MRI can be used to estimate liver PDFF in children,
and those PDFF values correlate well with steatosis grade by liver histology. Thus magnitude-
based MRI has the potential for clinical utility in the evaluation of NAFLD, but at this time no
single threshold value has sufficient accuracy to be considered diagnostic for an individual child.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in
children(1). NAFLD may progress to cirrhosis and hepatocellular carcinoma(2, 3), and is
associated with diabetes(4-6) and cardiovascular disease(4, 7, 8). The clinical reference
standard for diagnosis of NAFLD is liver biopsy with interpretation of histology by a
pathologist(9-11). Although liver biopsy is valuable in many settings, the requirement for
liver biopsy to evaluate NAFLD hampers clinical care and impedes research.

In order to advance the field of NAFLD, noninvasive imaging methods for measuring liver
fat are needed. Although ultrasound is widely used as a non-invasive tool to assess NAFLD,
it has limited sensitivity and specificity(12). Magnetic resonance imaging (MRI) has shown
greater promise for the quantitative assessment of hepatic steatosis. In adults, reported
correlations between MRI-estimated measures of liver fat and histologic steatosis grade have
ranged from moderate to strong(13-19); however, there is insufficient data to be able to
translate estimates of liver fat content by MRI directly into a specific steatosis grade. In
addition, data are mixed regarding whether or not the relationship is influenced by factors
such as hepatic fibrosis stage(13, 15, 20-23). Moreover, data generated in adults cannot be
directly applied to the pediatric population. Children differ from adults in several key
aspects including body habitus, breath-hold capacity, and ability to tolerate imaging
examinations. These factors can affect the feasibility, quality, and technical optimization of
imaging examinations and may affect their diagnostic performance. Currently, data in
children are extremely limited.

The MRI Rosetta Stone Project was based upon a desire to understand in children the
meaning of a given value of liver proton density fat fraction (PDFF), an MRI-based
biomarker of liver fat content, in the context of liver fat as measured by liver histology. This
study had the following aims:
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1. To determine the correlation between MRI-estimated liver PDFF and histologic
steatosis grade and to test for effect modification by age, sex, and fibrosis stage.

2. To test the accuracy of MRI-estimated liver PDFF in predicting histologic steatosis
grade.

3. To test proposed threshold scores for MRI-estimated liver PDFF to discriminate
between children with a histologic steatosis grade of 0 (no steatosis) and a
histologic steatosis grade of 1 (mild steatosis). The ability of a non-invasive test to
accurately classify a child as having or not having fatty liver is based upon both the
ability of that test to separate between histologic grades 0 and 1, and the
distribution of liver fat within the test population. For this study we chose to focus
on this separation between grade 0 and grade 1 because this is more specific to the
test itself, rather than the population in which it is being applied.

Study design

We included children ages 8 to 17 years in a prospective study to evaluate the stated aims.
All children had already undergone liver biopsy as part of a clinical evaluation for liver
disease. The determination to perform liver biopsy was done clinically and was not part of
this study. The parent(s) or legal guardian of all subjects provided written informed consent.
Written assent was obtained from all children. The protocol was approved by the
institutional review boards of the University of California, San Diego and Rady Children’s
Hospital San Diego.

Subject selection

Controls—In order to address the study aims we included children who had liver biopsies
that showed no steatosis as well as children with biopsy-proven NAFLD. Children without
steatosis were a convenience sample of children who already had liver biopsy performed and
were known to have normal histology or had a diagnosis of liver disease that did not involve
steatosis.

NAFLD—The diagnosis of NAFLD was based on exclusion of other causes of steatosis by
clinical history, laboratory studies, and histology in addition to histologic demonstration of >
5% of hepatocytes containing macrovesicular fat(24). The study was designed to include
equal numbers of children with NAFLD in each of the three steatosis grades: mild,
moderate, and severe. We recruited consecutive children with NAFLD meeting eligibility
until each category achieved the target goal of 50 subjects.

Clinical data collection

Clinical data were obtained for each participant at a single fasting intake visit conducted at
the Clinical and Translational Research Institute at the University of California, San Diego
Medical Center. Each participant’s age and gender were recorded. Height was measured to
the nearest tenth of a centimeter on a clinical stadiometer. Weight was measured on a

clinical scale to the nearest tenth of a kilogram. Body mass index (BMI) was calculated as
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weight in kilograms divided by height in meters squared. Phlebotomy was performed after a
12-hour overnight fast, and assays for serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and gamma-glutamyl transferase (GGT) were performed using an
enzymatic rate method.

Histopathology

Slides were reviewed by a hepatopathologist utilizing the Nonalcoholic Steatohepatitis
Clinical Research Network scoring system(25). The amount of surface area of parenchyma
involved by steatosis was determined at low power. Steatosis was graded according to the
percentage of hepatocytes that contained fat droplets as follows: grade 0, none: < 5%; grade
1, mild: 5 to 33%; grade 2, moderate: 34 to 66%; and grade 3, severe: > 66%. Fibrosis was
staged as follows: a) stage 1a — mild zone 3 perisinusoidal fibrosis requiring trichrome stain;
b) stage 1b — moderate zone 3 perisinusoidal fibrosis not requiring trichrome stain; c) stage
1c -- portal/periportal fibrosis only; c) stage 2 --zone 3 perisinusoidal fibrosis and periportal
fibrosis; d) stage 3 -- bridging fibrosis; and e) stage 4 -- cirrhosis.

MRI acquisition protocol

Children were scanned at 3T using an advanced magnitude-based liver fat quantification
MRI technique. This gradient-recalled-echo technique estimates liver PDFF using low flip
angle and repetition time (TR) of = 150 msec to minimize Tq bias(26, 27), and six gradient-
recalled echoes to calculate and correct for To* signal decay(26, 28, 29).

MRI analysis

Blinding

MRI-estimated liver PDFF parametric maps were computed pixel-by-pixel from source
images using custom-developed software that models observed signal as a function of echo
time (TE), taking into account the multiple frequency components of triglyceride. PDFF
values were obtained by placing regions of interest (ROIS) in representative portions of the
liver on those maps. Because percutaneous liver biopsy samples the right lobe of the liver,
we restricted the MRI evaluation to the right lobe; PDFF values in ROIs placed in each of
the four right-lobe segments were averaged to provide a composite right lobe MRI-estimated
PDFF value.

The MR technologist performing the MRI scan and the image analyst placing the ROIs on
the liver PDFF parametric maps were unaware of steatosis grade results. Similarly the
pathologist was not aware of MRI results.

Data analysis

Data were expressed as mean + standard deviation (if not normally distributed then
geometric means were reported) or frequency and percentage. Initial data exploration of
continuous variables used Student’s t test with Mann-Whitney U test for nonparametric
measures and Pearson Chi-Square test to test for differences in proportions. All hypothesis
tests were 2-tailed. Significance was defined a priori at a value of 0.05. Analyses were
performed with Statistica 10 (StatSoft, Inc., Tulsa, OK).
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Inaim 1, we evaluated the correlation between MRI-estimated liver PDFF and histologic
steatosis grade (an ordinal variable) using GAMMA correlation(30). We tested for effect
modification by age, sex and fibrosis stage using Fisher r-to-z transformation and Steiger’s
Z-test for multiple correlations. In aim 2, we used ordinal multinomial logit to measure the
probability of any given MRI-estimated liver PDFF value corresponding to a steatosis grade
of 0, 1, 2, or 3. Cross-validation and resampling were used to quantify the bias-variance
tradeoff for contextual factors explored in aim 1. For illustration purposes only, we
calculated probabilities of specific representative MRI-estimated PDFF values
corresponding to specific steatosis grades. The overall accuracy of the probabilistic model
was determined and the corresponding odds ratio was calculated. Finally, in aim 3, we
assessed the sensitivity and specificity for each of 4 published MR-derived threshold values
(1.8%, 5.5%, 6.4%, and 9.0%) intended to discriminate between steatosis grade 0 and grade
1. From these, receiver operating characteristic (ROC) curves were generated and areas
under the ROC curves were calculated.

We performed a post-hoc analysis to derive and test the optimal cut-point to separate
between no steatosis and any steatosis (mild, moderate, or severe) for the Rosetta Stone data
set presented in this manuscript. Because of the potential for over-fitting that occurs when a
threshold is tested in the same population in which it was derived, we also tested the cut-
point along with the existing published cut-points via simulations using data from 2 prior
pediatric studies with histology(1, 31). Due to space constraints, full details about these
methodologies along with the results of the post-hoc analyses are available in an online
supplement.

Study population

The MRI Rosetta Stone Project included 174 children with a mean age of 14.0 years. The
demographics and clinical features of the participants separated by steatosis grade are shown
in Table 1. The ordinal severity of steatosis across the four grades was significantly
positively associated with serum ALT, AST, and GGT. The distribution of fibrosis severity
was stage 0: 57% (99/174), stage 1: 25.8% (45/174), stage 2: 2.3% (4/174), stage 3: 11.5%
(20/174), and stage 4: 3.4% (6/174).

Aims 1: Correlation between MRI and steatosis

An example of MRI-estimated liver PDFF parametric maps is shown for each steatosis
grade in Figure 1. The mean time interval between MRI and liver biopsy was 57 + 51 days
and was not significantly different across the different grades of steatosis (p = 0.97). All
children were able to complete the MRI acquisition protocol without difficulty. The mean
value for MRI-estimated liver PDFF by steatosis grade was 2.6% for grade 0, 9.2% for
grade 1, 15.1% for grade 2, and 26.8% for grade 3. MRI-estimated liver PDFF was
significantly (p < 0.01) correlated (0.725) with the histologically-determined steatosis grade.
The distribution of MRI-estimated liver PDFF by steatosis grade is shown in Figure 2. The
correlation of MRI-estimated liver PDFF and steatosis grade was not influenced by age as a
continuous or categorical variable. In contrast, the correlation of MRI-estimated liver PDFF
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and steatosis grade was influenced by both sex and fibrosis stage. The correlation was
significantly (Z = —2.57, p<0.01) stronger in girls (0.86) than in boys (0.70). The correlation
was significantly (Z = -4.31, p<0.001) weaker in children with stage 2—4 fibrosis (0.61) than
children with no fibrosis (0.76) or stage 1 fibrosis (0.78).

Aim 2: Probability predictions for steatosis score

Figure 3 shows a heat map for the probability of any given MRI-estimated liver PDFF value
corresponding to a steatosis grade of 0, 1, 2, or 3. The prediction probabilities are strongest
at the low and high ends of the PDFF range, as illustrated by three representative examples.
On the low end of the PDFF spectrum, a child with a PDFF of 2% has a probability of 95%
for steatosis grade 0, 5% for steatosis grade 1, and 0% for steatosis grade 2 or 3. On the high
end of the PDFF spectrum, a child with a PDFF of 30 has a probability of 0% for steatosis
grade 0 or 1, 5% for steatosis grade 2, and 95% for steatosis grade 3. However in the
midrange, a child with a PDFF of 15 has a probability of 0% for steatosis grade 0, 19% for
steatosis grade 1, 68% for steatosis grade 2, and 13% for steatosis grade 3. The overall
accuracy of ordinal multinomial logit to predict the histologically-determined steatosis grade
from MRI-estimated liver PDFF was 56% (95% CI = 54 — 60%); odds ratio 3.27 (95% CI =
3.17-3.41).

Aim 3: Diagnhostic accuracy to distinguish between steatosis grade 0 and grade 1

We tested the diagnostic accuracy of published potential threshold values to distinguish
between no steatosis and mild steatosis (Table 2). The sensitivity ranged from 42 to 98
percent while the specificity ranged from 54 to 96 percent. The ROC curves are shown in
Figure 4. The AUROC was significant (p<0.001) for all 4 published cut-points.

We identified the optimal cut-point for the separation of no steatosis from any degree of
steatosis (mild, moderate, or severe) in the Rosetta Stone study sample. We then applied this
threshold along with the previously published thresholds to the Rosetta Stone study sample
as well as simulating the performance in two real world data sets. In the general population
and in children with suspected NAFLD. These data demonstrate the impact of the
distribution of disease on the diagnostic utility of any given cut-point.

DISCUSSION

We performed a large study of children with and without NAFLD that included both liver
histology and advanced magnitude-based liver MRI. MRI was well-tolerated with quality
data produced in all children. MRI-estimated liver PDFF was shown to be strongly
correlated with the histologic steatosis grade. This correlation was influenced by both sex
and fibrosis stage. Published thresholds to separate normal liver from mild steatosis varied
widely in their ability to discriminate between grade 0 and grade 1 steatosis. These data
advance the understanding of the non-invasive measurement of hepatic steatosis in children
using MRI.

The correlation observed in our study between MRI-estimated liver PDFF and histologic
steatosis grade was in the low end of the range of published correlations. In adults, those
correlations have ranged from 0.68 to 0.91(13, 17-19). In prior pediatric studies, there was a
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correlation between MRI-estimated liver fat and steatosis grade of 0.88 — 0.90. However,
these studies had small sample sizes with a total of 10 to 25 cases with histology and
controls with no histology(32, 33). In general, the highest correlations have been found in
studies with the smallest population sample sizes and/or with the greatest skew. For
example, Hatta et al found a correlation of 0.91 in a study of 26 adults with NAFLD(34) and
Lee et al found a correlation of 0.84 in study of potential liver donors in which 63% of
patients had a steatosis grade of 0(35). In contrast, those studies that had larger sample sizes
and/or more heterogeneous populations found lower correlations. For example, Tang et al
found a correlation of 0.69 in a study of 77 subjects with NAFLD(13) and Qayyum et al
found a correlation of 0.68 in a study of subjects with NAFLD, Hepatitis C virus, or other
chronic liver disease(19). Moreover, in order to understand the limits of best achievable
correlation between histologic and MR-based measures of steatosis, it is important to
consider how steatosis is estimated by these different methods.

The histologic grading of steatosis is done by a pathologist visually estimating the fraction
of hepatocytes that contain lipid droplets. Grading is done using a semi-quantitative ordinal
scoring system with four broad brackets of steatosis severity. Of the boundaries created in
grading hepatic steatosis, the most important one is the separation between histologic grades
0 (no steatosis) and 1 (mild steatosis). This distinction determines whether or not a child is
considered to have fatty liver. Since the actual amount of steatosis is a continuous variable,
grading steatosis in a four-point ordinal scale introduces potential misclassification of
steatosis severity at the boundaries created between grades. The estimation also does not
take into account factors that influence the amount of fat present such as the size of the lipid
droplets.

In contrast, MR-based methods can be used to measure liver fat as a continuous variable;
MR spectroscopy or MR imaging assess hepatic fat by estimating either the signal fat
fraction (SFF) or the proton density fat fraction (PDFF)(36). The signal fat fraction (SFF) is
the proportion of the MR signal that comes from fat. Since the fat signal depends not only
on the underlying fat content but also on numerous confounding variables, the SFF may not
reliably reflect actual fat content. Moreover, the SFF is technique and scanner dependent.
The PDFF is the SFF after all major confounding effects are removed and thus reflects the
actual fat content(37). It is also technique and scanner independent. Studies have shown that
PDFF estimated by MR spectroscopy and MR imaging agree closely with one another(20,
22, 38) and that PDFF correlates with tissue triglyceride concentration(28, 29, 37, 39-41).
Therefore the choice of MR methodology has influenced prior studies that have proposed
MR-based cutoff points to allow dichotomous separation of steatosis grades 0 and 1.

The lowest cutoff point values were obtained in studies that used MR spectroscopy to
estimate liver SFF. Van Werven et al proposed a cutoff point based upon PRESS MR
spectroscopy of 1.8% in a study of 46 adults undergoing liver resection for liver mass; one
half of whom had no histologic steatosis(42). In the Dallas Heart Study, the threshold for
normal liver fat content was determined by PRESS MR spectroscopy to be 5.5% in 345
adults age 30-65 with BMI < 25 and normal labs, but no liver biopsy(43). A mid-range
cutoff value was found in a study from the NASH Clinical Research Network using
magnitude-based MRI-estimated liver PDFF that proposed a threshold of 6.4% based upon a
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mixed population of adults and children that included five subjects with grade 0 steatosis
and 26 subjects with grade 1 steatosis(13). The highest value proposed, 9%, was derived in a
study of the statistical distribution of hepatic steatosis in 28 healthy medical students using
two-point Dixon MRI measure of SFF and no liver biopsy(44). Each of these cutoff point
values have been subsequently used by many authors to classify subjects and/or patients as
having or not having fatty liver. However, the current study demonstrates that achieving a
clean separation between not having fatty liver (steatosis grade 0) and having fatty liver
(steatosis grade 1) based upon a single MR-based cutoff point remains challenging. Thus, it
may be appropriate to include an indeterminate group, and the size of this group will depend
upon the rate of classification error that one is willing to accept. Such a decision would
likely be different for an epidemiology study based upon groups than it would be in clinical
practice for the individual patient.

Because most of what is known about the clinical phenotype and natural history of NAFLD
is based upon histology, it is important to calibrate MRI-estimated liver PDFF to what is
already known about liver histology in NAFLD. Prediction of histologic steatosis grade
from MRI-estimated liver PDFF was novel. We used data from this study to generate
probabilities that a given MRI-estimated liver PDFF would represent a given steatosis grade
rather than trying to stipulate one specific grade for any single measurement. Such an
approach is a vital step in the transition of MRI as a tool for the individual rather than only
for use in group studies. In addition, the ability to interpret the meaning of a given MRI-
estimated liver PDFF value is essential for the application of MRI as a meaningful
longitudinal tool. As is true for most biomarkers, performance was best in the highest and
lowest groups, with the greatest amount of noise in the middle. A priority for future studies
should be to improve diagnostic accuracy in the mild to moderate range of steatosis.

In our study we found that the relationship between MRI-estimated liver PDFF and the
histologic steatosis grade was influenced by the fibrosis stage, which contributes to the
challenge of direct translation between the two diagnostic modalities. The data on effect
modification by fibrosis can be interpreted in the context of the above discussion along with
details of the existing literature. In the setting of substantial fibrosis, there will be fewer
hepatocytes per slide, however, the pathologist still reports the percentage of hepatocytes
with steatosis. Thus, fibrosis may lead to a reduction in the actual percentage of the liver
comprised of fat which could be reflected by the MRI-estimated PDFF value to a greater
extent than it would by histological evaluation. Therefore, one should expect for fibrosis to
influence the correlation between estimates made by MRI and histology. Papers that
reported that fibrosis stage was not a confounding factor tended to have smaller sample sizes
(13, 15, 21). Also the higher the percentage of participants with advanced fibrosis, the more
likely that effect modification by fibrosis would be reported. The studies that reported no
effect of fibrosis stage had only 0-10% of participants with advanced fibrosis (13, 15, 21),
whereas those studies that did show an effect of fibrosis stage had 15-25% of participants
with advanced fibrosis(20, 22, 23). For this reason, MR-based modalities to estimate fibrosis
such as elastography may be useful to improve the ability to predict histologic steatosis
grade non-invasively in the future.
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The current study was notable for the large sample size of well-characterized children.
Children had liver histology evaluated in a standardized fashion by an expert liver
pathologist. We used an advanced magnitude-based MRI technique at 3T that acquires
gradient-echo images of the liver using low flip angle to minimize T1 bias, multiple echoes
to correct for T2* decay, and a multi-peak spectral model to address the multi-frequency
signal interference effects of protons in fat. Because liver biopsy and MR imaging were not
done on the same day, the time interval between studies may have introduced an unknown
degree of error in the assessment of correlation. In addition, despite the large sample size for
this type of study, there is a need for further data on even larger numbers to refine the
interpretation of the relationship between MR imaging-estimated PDFF and liver histology
in children. For example, one important question will be to determine if the stronger
correlation observed in girls than boys was due to the smaller number of girls in this study or
whether it is due to a fundamental biological difference.

In the MRI Rosetta Stone Project we demonstrated that magnitude-based MRI of the liver
can be used to estimate PDFF in children, and those PDFF values correlate well with hepatic
steatosis assessed by liver histology. Thus MRI has sufficient potential to have clinical
utility in the evaluation of NAFLD. However, MRI is not yet sufficient to replace liver
biopsy in children. How to best integrate MRI into clinical protocols and whether MR-based
techniques such as MR elastography may be synergistic with MRI-estimated liver PDFF for
the assessment of NAFLD need to be prospectively evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PRESS point resolved spectroscopy
STEAM stimulated echo acquisition mode
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Figure 1.
Magnetic resonance imaging-estimated liver proton density fat fraction parametric maps are

shown for individual children in each of the four histologically-determined steatosis grades
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Figure2.
Box and whiskers plot of magnetic resonance imaging-estimated liver proton density fat

fraction by histologic steatosis grade. Box shows median and interquartile range, lines show
minimum and maximum.
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Heat map shows the probability of a given magnetic resonance imaging-estimated liver

proton density fat fraction corresponding to a histologic steatosis grade of 0, 1, 2, or 3.
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Receiver operating characteristic curves for each of 4 published cutoff points to separate

between histologic steatosis grades of 0 and 1.
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Table 1

Characteristics of Study Population by Steatosis Grade

Variables GradeO Grade 1l Grade 2 Grade 3

N=24 N =50 N =50 N =50
Age, mean (SD) 15.1 (2.5) 14.2 (2.2) 141 (2.2) 13.2(2.0)
Sex, N (%)

Boys 13 (54) 35 (70) 34 (68) 36 (72)
Girls 11 (46) 15 (30) 16 (32) 14 (28)
Weight, mean (SD), Kg 87.5(29.8) | 945(21.6) | 94.4(22.8) | 84.7(20.6)

Height, mean (SD), cm"* 169.2 (12.3) | 164.4 (12.1) | 163.4(10.3) | 160.6 (10.8)

BMI (Kg/m?), mean (SD) 30.2 (8.3) 33.8(6.1) 35.0 (6.6) 325 (5.5)
ALT, mean (SD), U/L™™ 22 (24) 42 (70) 44 (90) 77 (67)
AST, mean (SD), U/L™" 23 (24) 33 (46) 36 (48) 49 (39)
GGT, mean (SD), U/L* 22 (15) 29 (24) 28 (45) 37(32)
Time between biopsy and MRI, mean (SD), days | 58 (11) 58 (7) 63 (7) 50 (7)
Fibrosis, N (%)"* 7(29) 21 (42) 20 (40) 27 (54)
MRI PDFF (SD)** 26(22) 9.2 (5.8) 15.1 (6.8) 26.8(8.2)

*
p <0.05;

*

*
p < 0.005;

PDFF = proton density fat fraction
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