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Abstract

Background: Liver R2* value is widely used as a measure of liver iron but may be confounded
by the presence of hepatic steatosis and other covariates.

Purpose: To identify the most influential covariates for liver R2* values in patients with non-
alcoholic fatty liver disease (NAFLD)

Study Type: Retrospective analysis of prospectively acquired data
Population: Baseline data from 204 subjects enrolled in NAFLD/NASH treatment trials
Field Strength: 1.5T and 3T; Chemical-shift encoded multi-echo gradient echo

Assessment: Correlation between liver proton density fat fraction and R2*; assessment for
demographic, metabolic, laboratory, MRI-derived, and histological covariates of liver R2*

Statistical Tests: Pearson’s and Spearman’s correlations; univariate analysis; Gradient Boosting
Machines multivariable machine learning method

Results: Hepatic PDFF was the most strongly correlated covariate for R2* at both 1.5T (r=0.652,
p<0.0001) and at 3T (r=0.586, p<0.0001). In the GBM analysis, hepatic PDFF was the most
influential covariate for hepatic R2*, with relative influences (RIs) of 61.3% at 1.5T and 47.5% at
3T; less influential covariates had Rls of up to 11.5% at 1.5T and 16.7% at 3T. Non-hepatocellular
iron was weakly associated with R2* at 3T only (RI 6.7%), and hepatocellular iron was not
associated with R2* at either field strength.

Data Conclusion: Hepatic PDFF is the most influential covariate for R2* at both 1.5T and 3T;
non-hepatocellular iron deposition is weakly associated with liver R2* at 3T only.

Keywords

Non-alcoholic steatohepatitis; NASH; non-alcoholic fatty liver disease; NAFLD; proton density fat
fraction; PDFF; R2*; hepatic steatosis

Introduction

Quantitative imaging biomarkers for characterizing non-alcoholic fatty liver disease
(NAFLD) and steatohepatitis (NASH) are increasingly available and validated for multi-
center applications (1-3). Two such biomarkers are proton density fat fraction (PDFF) and
R2*, both of which are estimated simultaneously by multi-echo gradient echo MRI
sequences (4-6). PDFF is a measure of tissue triglyceride concentration and has been
validated in prior studies for the quantification of hepatic steatosis, a histopathological
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hallmark of NAFLD (5, 7, 8). R2* has been validated as a biomarker of liver iron content in
populations with iron overload states, in whom magnetic susceptibility from severe iron
overload is the main driver of R2* (9, 10). Emerging evidence suggests that liver iron
deposition is associated with worse histopathological features of NASH and disease
progression, and a non-invasive biomarker for liver iron such as R2* may be useful in
NAFLD and NASH patients (11, 12). However, R2* has not been validated as a biomarker
of liver iron content in patients with lesser amounts of liver iron, such as patients with
NAFLD.

To date, two retrospective single-center studies by Bashir et al and Mamidipalli et al have
independently shown that liver PDFF and R2* values are positively correlated /n vivoat 3T
MRI in populations without iron overload (4, 13). Although limited by lack of histological
correlation, these studies suggest that in patients without risk factors for severe iron overload
(eg patients with NAFLD), R2* may not be an unconfounded measure of liver iron. Instead,
R2* may be impacted by liver triglyceride content and/or other, still unidentified, metabolic
or histopathologic changes, in addition to liver iron.

The Non-Alcoholic Steatohepatitis Clinical Research Network (NASH CRN) maintains a
rich, well-curated database of standardized clinical, laboratory, imaging, and
histopathological data collected from patients with NAFLD and NASH enrolled in recent
treatment trials (2, 14-17). These data offer an opportunity to assess, in patients with
NAFLD, a comprehensive set of potential clinical, laboratory, and histologic covariates for
R2* that were unavailable in previous smaller, single-center investigations.

The purpose of this study was to identify and assess the most influential covariates for liver
R2* values in patients with NAFLD. Our hypothesis was that, in patients with NAFLD and
NASH, R2* may not be an unconfounded measure of liver iron.

Materials and Methods

This was a retrospective, cross-sectional secondary analysis of data acquired prospectively in
the multicenter Farnesoid X Receptor Ligand Obeticholic Acid in NASH Treatment
(FLINT) and Cysteamine Bitartrate Delayed-Release for the Treatment of NAFLD in
Children (CyNCh) trials. The FLINT (NCT01265498) and CyNCh (NCT01529268) trials
(termed the “parent trials™) were IRB-approved at each participating site and conducted by
the NASH CRN. Subjects in the FLINT trial provided written informed consent at the time
of enrollment, while for the CyNCh trial, all subjects provided written informed assent and a
parent or guardian provided written informed consent. Both parent trials were multi-center,
randomized, double-blind, placebo-controlled phase 2b trials for the treatment of NASH or
NAFLD and incorporated MRI substudies in which subjects agreed to undergo MRI for liver
PDFF estimation prior to the initiation of treatment (or placebo).

Study Population

Inclusion and exclusion criteria for the FLINT and CyNCh trials have been published (14,
15). All subjects included in the FLINT trial had a diagnosis of NASH based on established
histopathological criteria for adults, and all subjects included in the CyNCh trial had a
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diagnosis of NAFLD based on established histopathological criteria for children (14, 15).
For this secondary analysis, we included all 208 MRI sub-study subjects (101 from the
FLINT trial and 107 from the CyNCh trial) who had baseline MRI. The population was 46%
female (95/208), with a mean age of 32+/-21 years (FLINT subjects: mean age 52+/-11
years, range 22-75 years; CyNCh subjects: mean age 14+/-3 years, range 9-18 years). The
mean interval between baseline MRI and liver biopsy was 56+/-24 days (range 0-115 days).

MRI Examinations and Analysis

Each subject underwent baseline MRI at one of 13 participating clinical trial sites. MRI was
performed at seven sites at 1.5T, five sites at 3T, and one site at both 1.5T and 3T. The
NASH CRN Radiology Coordinating Center (RCC) provided a standardized MRI
acquisition protocol to each site, and all MRI examinations were performed with this
protocol. Using a non-contrast, breath-held, axial 2D gradient recalled echo sequence, the
entire liver was imaged using a torso phased array coil. Key pulse sequence parameters are
summarized in Table 1. Image parameters were chosen to minimize confounding factors
such as T1 and noise biases, while permitting quantification of fat-water signal oscillation
and measurement of R2*. Magnitude images obtained at each site were transmitted in
DICOM format to the RCC for central analysis including PDFF and R2* computation. The
computation included corrections for the multi-peak resonance spectrum of fat using
Hamilton’s model (18).

PDFF and R2* values were measured by placing one circular region of interest (ROI) with at
least a 1-cm radius in each of the nine Couinaud segments on the 5M-echo image, avoiding
major vessels, bile ducts, liver edges and artifacts. Those ROIs were then propagated onto
the corresponding images for the other echo times. The mean signal intensities from those
ROIs were entered into a custom MATLAB™ (The MathWorks, Natick, MA, USA) multi-
peak, non-linear, least-squares fitting algorithm, and the mean PDFF and R2* values
averaged across all nine ROIs were recorded; only mean values across the nine ROIs are
considered in this report (5, 19, 20). Analysts were blinded to all non-MRI data at the time
of image analysis.

Additional Data Collection and Analysis

Other clinical and laboratory parameters were collected locally at each site and stored by the
Data Coordinating Center (DCC). Clinical data included age, gender, weight, height, body
mass index (BMI), and blood pressure. Laboratory data included platelet count, glycosylated
hemoglobin, liver function tests, serum triglycerides, total cholesterol, and serum insulin.

In both parent trials, biopsies were reviewed by members of the NASH CRN Pathology
Committee according to the pre-established NASH CRN scoring system for steatosis,
lobular inflammation, and hepatocyte ballooning, and the NASH Activity Score (NAS) was
calculated as the sum of these three scores (21). Pathologists also scored the presence and
severity of fibrosis (Masson’s trichrome stain), hepatocellular iron deposition grade
(Prussian blue stain, scale 0-4), non-hepatocellular iron deposition grade (Prussian blue
stain, scale 0-2), as well as steatosis location, portal inflammation, lipid droplet size, and
glycogenosis (22). Pathologists were blinded to all other data at the time of analysis.
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Statistical Analysis

All analyses were performed in R version 3.3.1 (2016. R Foundation for Statistical
Computing, Vienna, Austria) by a staff statistician under the supervision of a faculty
statistician (both with over 20 years’ experience). Since there is no simple method for
converting R2* values between field strengths, all analyses were performed separately for
subjects imaged at 1.5T and those imaged at 3T. Adult and child data were pooled in each
analysis, and age as well as parent trial were included as covariates in multivariable
analyses.

Baseline demographic, laboratory, and histopathological features of the study population
were summarized descriptively. Comparisons between subgroups were performed using
Wilcoxon-Mann-Whitney tests or chi-square tests, as appropriate. Prior to statistical analysis
and due to the small number of counts in some ordinal covariate categories, some covariate
categories were combined, including: steatosis grade (grades 0 and 1); fibrosis stage (stages
3 and 4); lipid droplet size (mixed and predominantly small); hepatocellular iron grade
(grades 1 and 2); and non-hepatocellular iron grade (grades 1 and 2).

The relationship between R2* and PDFF was examined using Pearson’s correlation, since a
linear relationship had been found in previous works (4, 13). This analysis was repeated for
the subset of subjects with and without hepatocellular or non-hepatocellular iron at each
field strength, and Spearman’s correlation was used if the relationship appeared non-linear
and/or numerous outliers were present (9). A permutation test, which is less sensitive to
outliers than the standard Fisher’s z test for independent correlations, was used to compare
R2*-PDFF correlations between field strengths (23). Strength of correlation was interpreted
according to the following scale: 0-0.19 = very weak; 0.2-0.39 = weak; 0.40-0.59 =
moderate; 0.60-0.79 = strong; and 0.80-1.0 = very strong (24).

Then, the effect of additional factors on R2* was explored. Univariate relationships between
all candidate demographic, laboratory, and histopathological covariates and R2* were
examined. Features with more than two ordinal categories were assessed using Spearman’s
rho, as a linear relationship was no longer hypothesized. Binary features were assessed using
the Wilcoxon-Mann-Whitney test. Since these univariable analyses were considered
preliminary prior to the subsequent multivariable analysis, correction for multiple
comparisons was not performed.

We then used a machine learning method to identify the most influential covariates for R2*
at each field strength. The non-parametric method Gradient Boosting Machines (GBM)
method constructs a model from an ensemble of regression trees while minimizing squared
error, in our case relative to observed R2* values (25). The relative influence of any
covariate in a model was determined by computing a relative influence (RI), expressed as a
percentage ranging from 0% (the covariate has no influence on the outcome variable) to
100% (the covariate is the sole determinant of the outcome variable). The GBM method
evaluates multiple levels of interactions between potential covariates. All demographic,
laboratory and histopathological measures of potential interest were included in the
candidate covariate pool for the multivariable GBM analysis.
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Of the 208 subjects, 119 were imaged at 1.5T and 89 at 3T. Field strength was relatively
balanced in both studies: for FLINT (adult subjects), 44 were imaged at 1.5T and 57 were
imaged at 3T; for CyNCH (pediatric subjects), 45 were imaged at 1.5T and 62 were imaged
at 3T. Demographic, laboratory, and histopathological features of the study population are
summarized by parent trial (adult vs. pediatric) and field strength in Tables 2 and 3.

The mean liver PDFF value for all subjects was 19.8 + 9.7%. Estimates of PDFF were
similar between field strengths, but R2* values were generally higher at 3T. The mean liver
R2* value was 37.2 + 6.8 s~ at 1.5T and 59.8 + 12.9 s™1 at 3T, and R2* values were
generally in the normal range (<60 s~ at 1.5T, <126 at 3T) (26). The distributions of
baseline PDFF and R2* values are summarized in Figure 1.

A minority of subjects had either type of liver iron deposition. For hepatocellular iron,
14.4% (30/208) had grade 1 deposition and 2.9% (6/208) had grade 2 deposition, and no
subject had grade 3 or 4 deposition. For non-hepatocellular iron, 12.0% (25/208) of subjects
had grade 1 deposition and 4.3% (9/208) had grade 2 deposition. The total number of
subjects with at least grade 1 hepatocellular or non-hepatocellular iron deposition at baseline
biopsy was small (n=38 total), and most of those subjects had both types (n=32). For a small
number of subjects (1.9%, 4/208) iron staining had not been performed, so iron grade data
were not available. These subjects were included in analyses that did not involve grade of
liver iron deposition but were excluded from analyses requiring this information.

Analysis of PDFF

Scatterplots of baseline R2* and PDFF values are shown in Figure 2. The relationship
between R2* and PDFF was generally linear. Pearson’s correlations between R2* and PDFF
were moderate to strong for subjects overall at both 1.5T (r=0.652, p<0.0001) and at 3T
(r=0.586, p<0.0001). Notably, the greatest outlying values at both field strengths were in the
subset of subjects with at least grade 1 liver iron deposition. For subjects with grade 0 liver
iron deposition, Pearson’s correlations were strong to very strong at both 1.5T (r=0.697,
p<0.0001) and 3T (r=0.835, p<0.0001).

In subjects with at least grade 1 hepatocellular or non-hepatocellular iron deposition, the
correlation between R2* and PDFF was moderate and significant both at 1.5T (r=0.546,
p=0.016) and 3T (Spearman’s r=0.40, p=0.04).

The differences between the correlations observed at 3T vs. 1.5T were not significant
(permutation p=0.45 for all subjects, permutation p=0.28 for subjects without liver iron
deposition, and p=0.22 for subjects with at least grade 1 liver iron deposition).

Univariate Analysis

The R2* values associated with various grades of hepatocellular and non-hepatocellular liver
iron deposition are shown in Figure 3. R2* values for patients with grades 0 and 1 iron
deposition of either type were similar at both field strengths. For grade 2 non-hepatocellular
iron deposition, the median R2* value at 3T was similar to that for grades 0 and 1 (n=7). For
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other combinations of field strength and grade 2 iron deposition, median R2* value appeared
visually elevated compared to grades 0 and 1, but with very small sample sizes (n=2-3).

Results of the univariate correlation analysis of the relationship between R2* and each
covariate are shown in Table 4. Using Spearman’s correlation, R2* was most strongly
correlated with PDFF at both field strengths (rho = 0.73-0.81, p<0.001), followed by
histopathologic steatosis grade (rho = 0.53-0.57, p<0.001). At 1.5T, log-transformed ferritin
(rho = 0.32, p<0.005) and alanine aminotransferase (rho = 0.25, p<0.02) were the next most
strongly correlated covariates. At 3T, hepatocyte ballooning score (rho = —0.26, p<0.01) and
log-transformed ferritin (rho = 0.23, p<0.02) were the next most strongly correlated
covariates. At 3T, lipid droplet size was also a highly significant covariate (Wilcoxon-Mann-
Whitney p<0.001), though a correlation coefficient could not be calculated due to the binary
expression of lipid droplet size.

At 1.5T, neither hepatocellular iron grade (p=0.13) nor non-hepatocellular iron grade
(p=0.20) were significantly correlated with R2*. At 3T, the correlation between R2* and
both hepatocellular iron grade (p=0.10) and non-hepatocellular iron grade (p=0.05)
approached but did not reach statistical significance.

Multivariable Analysis

The RIs of the covariates for the full models as well as the final optimized models of R2* at
1.5T and 3T are summarized in Supplemental Tables 1 and 2. At both field strengths, the
optimal GBM models were additive (without interactions). Models with fitted interactions
had higher errors.

At 1.5T, the optimal GBM model included five covariates for R2*. PDFF was the most
influential covariate of R2*, with a Rl of 61.3%. Serum insulin concentration, glycogenosis,
Gamma-glutamyl transferase, and log-transformed ferritin concentration were weaker
covariates of R2*, with RIs up to 11.5%. Neither non-hepatocellular iron nor hepatocellular
iron were covariates in the optimal model at 1.5T.

At 3T, the optimal GBM model included six covariates of R2*. PDFF was the most
influential covariate of R2* at 3T, with a Rl of 47.5%. Log-transformed ferritin
concentration, diastolic blood pressure, age, BMI, and non-hepatocellular iron were weaker
covariates of R2*, with relative influences up to 16.7%. Non-hepatocellular iron was the
weakest accepted covariate of R2* at 3T (R1=6.7%). Hepatocellular iron was not a covariate
of R2* in the optimal model at 3T.

Discussion

In this work, we independently confirmed, at both 1.5T and 3T, the existence of a moderate
to strong linear relationship between R2* and PDFF values in patients with NAFLD.
Importantly, we found that in populations of adults and children with NAFLD, hepatic fat
content (expressed as PDFF) was the most influential of all available covariates of hepatic
R2* value, regardless of field strength. This relationship between R2* and PDFF is present
regardless of whether underlying liver iron is present. The key conclusion from our study is
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that, since liver iron deposition is relatively rare and of low grade in the NAFLD/NASH
population, R2* is not a useful technique for quantifying liver iron in this group of patients.

In patients with severe liver iron deposition due to transfusional hemosiderosis and other
iron-loading conditions, R2* has been shown to be linearly correlated with liver iron
concentration (LIC) (9, 10). MRI is used in many practices as the primary modality to
monitor liver iron deposition and assess response to therapy (10, 27). However, we found
that in a diverse NAFLD cohort, R2* is primarily associated with liver fat accumulation,
presumably reflecting susceptibility effects from intra-hepatocellular triglyceride droplets
rather than iron deposition. Although individual iron particles have much greater
susceptibility effects than individual similarly-sized fat droplets, the amount of iron
encountered in the NAFLD population has a narrow range from none to mild, while the
range of fat content is broad. Over these ranges, liver fat has a greater impact on MRI-
measured R2* values than liver iron.

In the liver, iron is often deposited within hepatocytes, non-hepatocyte depots
(reticulendothelium system cells or fibrotic bands), or both. Elevated body iron stores have
been linked to a worse clinical course in NAFLD, particularly for non-hepatocellular iron
deposition (12, 28). We found visual trends toward higher R2* values with grade 2
hepatocellular iron at both field strengths and with grade 2 non-hepatocellular iron at 1.5T.
However, grade 2 iron deposition of either type occurred rarely, and this finding may have
been spurious as it was not confirmed in our formal analyses. Overall, these findings suggest
that R2* may be a poor predictor of liver iron deposition in patients with NAFLD or NASH,
in whom the susceptibility effects of fat predominate.

One of the reasons this study is clinically relevant is that in patients with NAFLD, liver iron
deposition may portend worse clinical outcomes (11, 12). Since MRI-based measures such
as R2* estimation have all but replaced liver biopsy for assessment of liver iron
concentration in other populations, investigators logically may attempt to use measurements
of R2* to quantify liver iron in patients with NAFLD (26, 29). However, our data show that
hepatic steatosis, as quantified by PDFF, substantially confounders R2* measurements in
this population. Additionally, the fact that liver iron grade has a relatively small effect on
liver R2* suggests that R2* may not be a suitable method for assessing liver iron in this
population, even if corrections for PDFF were implemented. Liver fibrosis has also been
shown to confound R2*, though to a much lesser extent in our study (30).

Interestingly, although non-hepatocellular iron grade was weakly associated with R2* at 3T,
hepatocellular iron was not associated with R2* at either field strength. The strength of
susceptibility, and consequently R2* change, due to iron can vary based on the orientation of
iron particles in the magnetic field, oxidation state, spin state, and other factors. Although
the number of subjects with each type of iron deposition was similar, iron deposition grades
are assessed visually by light microscopy, and iron particles may differ in number, size,
orientation, and other factors. Such microenvironmental differences could account for the
greater effect of non-hepatocellular iron deposition on R2* compared with hepatocellular
iron. In addition, our study was unsuited for accurately assessing differences in effect on
R2* by the two types of iron deposition, since the two types tended to occur together.
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This study has several limitations. Only a minority of subjects in the parent trials
participated in the MRI substudies. Iron was graded semi-quantitatively by histochemical
stain, not quantitatively. Additionally, the MRI pulse sequence utilized in this study was
optimized for PDFF measurement but not necessarily R2* measurement. A sequence
optimized for measuring small elevations in R2*, for example by incorporating longer echo
times, might have been more precise for R2* measurements in the low range as encountered
in this patient population. Additionally, biopsy locations were not recorded, so we were
unable to colocalize MRI measurement locations with biopsy locations. Importantly, only a
few patients had abnormal liver iron deposition, and none had grade 3 or higher deposition,
however this reflects the amount of liver iron deposition typically encountered in the
NAFLD population. Finally, although the subject populations studied at 1.5T and 3T were
similar, the GBM modeling method produced different optimized models at 1.5T and 3T.
This is not unreasonable, given the linear but different nature of the R2*-PDFF relationship
and subtle distributional differences in the covariates between the two cohorts. However,
with more data and the goal of refining and completely describing a multivariable predictive
model for R2*, the GBM analysis could have been pursued further. As the goal of this work
was to highlight the R2*-PDFF relationship we stopped at demonstrating that PDFF emerges
as the most influential predictor in the presence of other predictors for both cohorts.

In conclusion, in both adults and children with NAFLD, hepatic triglyceride content as
measured non-invasively by MRI-PDFF is the most influential covariate for liver R2* values
at both 1.5T and 3T. In patients with NAFLD, liver R2* measurements may not provide
reliable estimates of liver iron content.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 -
Histograms summarizing PDFF and R2* values for subjects included in this study.
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Figure 2 —.

Pearson’s correlation between R2* and PDFF at baseline, shown by field strength for
subjects overall (“all””), those with grade O hepatocellular and non-hepatocellular cell iron
deposition (“no iron”).
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Figure 3 —.

ng and whisker plots of R2* values based on type and grade of iron deposition and
magnetic field strength. There are visual trends toward higher R2* values for grade 2 iron
deposition compared with grades 0 and 1 for hepatocellular iron (a) at both field strengths
and non-hepatocellular iron (b) at 1.5T, though with very small samples sizes for grade 2
(n=2-3). For the largest group with grade 2 iron deposition (non-hepatocellular iron imaged
at 3T, n=7), the median R2* value is similar to the median R2* values for grades 0 and 1
iron deposition.
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Parameter 15T 3T
Repetition time (msec) 2120
Flip angle (°) 10
First echo time (msec) 2.3 1.15
Echo spacing (msec) 2.3 1.15
Number of echoes 6
Bandwidth (Hz/Px) =500 >1,000
Slice thickness (mm) 8-10
Slice gap (mm) 0
Acquisition matrix 192 x 192 128 x 128
Frequency encoding steps 192 128

Table 1.

MRI pulse sequence parameters for the gradient recalled echo sequences used included in this study
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