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Abstract

Purpose—To determine the accuracy and the effect of possible subject-based confounders of
magnitude-based magnetic resonance imaging (MRI) for estimating hepatic proton density fat
fraction (PDFF) for different numbers of echoes in adults with known or suspected nonalcoholic
fatty liver disease, using MR spectroscopy (MRS) as a reference.

Materials and Methods—In this retrospective analysis of 506 adults, hepatic PDFF was
estimated by unenhanced 3.0T MRI, using right-lobe MRS as reference. Regions of interest placed
on source images and on six-echo parametric PDFF maps were colocalized to MRS voxel location.
Accuracy using different numbers of echoes was assessed by regression and Bland—-Altman
analysis; slope, intercept, average bias, and R2 were calculated. The effect of age, sex, and body
mass index (BMI) on hepatic PDFF accuracy was investigated using multivariate linear regression
analyses.

Results—MRI closely agreed with MRS for all tested methods. For three- to six-echo methods,
slope, regression intercept, average bias, and R? were 1.01-0.99, 0.11-0.62%, 0.24-0.56%, and
0.981-0.982, respectively. Slope was closest to unity for the five-echo method. The two-echo
method was least accurate, underestimating PDFF by an average of 2.93%, compared to an
average of 0.23-0.69% for the other methods. Statistically significant but clinically nonmeaningful
effects on PDFF error were found for subject BMI (Prange: 0.0016 to 0.0783), male sex (Prange:
0.015 to 0.037), and no statistically significant effect was found for subject age (Prange: 0.18-
0.24).

"Address reprint requests to: E.R.H., Liver Imaging Group, UCSD Department of Radiology, 408 Dickinson St., San Diego, CA
92103-8266. elnamyrheba@gmail.com.

Additional Supporting Information may be found in the online version of this article.
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Conclusion—Hepatic magnitude-based MRI PDFF estimates using three, four, five, and six
echoes, and six-echo parametric maps are accurate compared to reference MRS values, and that
accuracy is not meaningfully confounded by age, sex, or BMI.

Hepatic steatosis is the histologic hallmark of nonalcoholic fatty liver disease (NAFLD).1-3
Proton density fat fraction (PDFF), a noninvasive biomarker of hepatic steatosis,* is
accurately and precisely estimated in subjects with known or suspected NAFLD by magnetic
resonance imaging (MRI), using MR spectroscopy (MRS) as reference®’. MRI and MRS
hepatic PDFF have been used as clinical trial endpoints,8 and MRI has been used to
diagnose and follow NAFLD.10

Two advanced MRI methods have been developed to estimate hepatic PDFF: complex-based
MRI; using the real and imaginary components of image data,11 and magnitude-based MRI;
using only the magnitude of image data.}? Agreement between these methods for PDFF
estimation is strong, with complex-based MRI perhaps being slightly more accurate than
magnitude-based MRI.13 However, C-MRI is not yet widely available and usually requires
specialized acquisition software, whereas magnitude-based MRI can be implemented on
most MR scanners using routinely available sequences.

Several studies have used six echoes to assess MRI hepatic PDFF accuracy.®~’ Two recent
studies suggested that using fewer echoes may be more accurate.’”14 Prior studies have been
modest in size and so were not adequately powered to investigate subject-based confounders
such as age, sex, and body mass index (BMI).>~7 At least six studies listed on
www.clinicaltrials.gov use magnitude-based MRI as a biomarker for hepatic steatosis. It is
thus important to confirm the accuracy of magnitude-based MRI PDFF in a larger cohort of
subjects using different numbers of echoes, and to determine whether common subject-based
factors confound those results.

Hence, the purpose of this analysis was to determine the accuracy and effect of possible
subject-based confounders of magnitude-based MRI for estimating hepatic PDFF for
different numbers of echoes in adults with known or suspected NAFLD, using MRS as
reference.

Materials and Methods

This cross-sectional, retrospective analysis was approved by our Institutional Review Board
and is compliant with the Health Insurance Portability and Accountability Act.

In all, 580 MR examinations obtained at our institution between January 2009 and
December 2013 as part of prior prospective clinical trials for 507 subjects with known or
suspected NAFLD were considered for this analysis. Subjects with biopsy-proven or
suspected NAFLD recruited at our NAFLD translational research unit were referred for MR
examination. Suspicion of NAFLD was based on the presence of at least one of the
following: 1) elevated liver transaminases in the presence of obesity, 2) diabetes mellitus, 3)
family history of NAFLD, or 4) unexplained elevation of liver transaminases. Inclusion
criteria were subjects =20 yrs of age, and same-day MRI and MRS scans. Exclusion criteria
were: i) chronic alcohol consumption or abuse, ii) non-NAFLD hepatitis (such as viral
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hepatitis), iii) other non-NAFLD chronic liver disease (such as hemosiderosis), or iv) MR
contraindication. For each subject only the first MRI was selected, so 73 same-subject
second and third MR examinations were excluded. One subject was excluded because of
severe MR image motion artifact at the MRS voxel location. Hence, a total of 506 subjects
were included in this analysis.

Age, sex, and BMI were recorded from research case report forms so that their possible
effect on liver PDFF estimation could be tested.

MR Examinations

MRI—Subjects were scanned in the supine position using a 3T MR scanner (SIGNA Excite
HDxt; GE Medical Systems; Milwaukee, WI) using an eight-channel torso phased-array
surface coil centered over the liver, with a dielectric pad placed over the abdomen. Two-
dimensional noncontrast axial liver magnitude-based MRI was performed using a spoiled
gradient-recalled-echo sequence. Low flip angle (108) was used with repetition times (TRs)
of 100-300 msec to minimize 7; weighting.11:15-17 Six fractional-echo magnitude images
were obtained at nominally in-phase (IP) and out-phase (OP) echo times (~1.15, 2.3, 3.45,
4.6, 5.75, and 6.9 msec) in a single 12—-24-second breath-hold. Other imaging parameters
were as follows: slice thickness 8-10 mm; 14-26 slices (default, 23) covering most, but
preferably all of the liver; slice gap 0 mm; receiver bandwidth £142 kHz; base matrix range
from 160 to 288 frequency encoding steps, and from 128 to 224 phase encoding steps; and
rectangular field of view adjusted to body habitus.

MRS—A 20 x 20 x 20 mm MRS voxel was placed in the right lobe of the liver avoiding
large blood vessels, bile ducts, and liver edges. Following automated shimming, stimulated
echo acquisition mode proton spectroscopy was performed with TR = 3500 msec to
minimize 7; weighting, and mixing time of 5 msec to minimize j-coupling and 7;
weighting. Five spectra were collected at echo times of 10, 15, 20, 25, and 30 msec in a
single breath-hold (~20 sec) to permit 75 estimation while minimizing fat-peak j-coupling.1®

Hepatic PDFF Estimation

MRI—MRI analysis was done by a research scholar (E.R.H., 2 years of experience), blinded
to the MRS results. Three 1-cm radius regions of interest (ROISs), colocalized to the MRS
voxel location were placed on fifth-echo source images, which consistently provide adequate
anatomic delineation for colocalization. ROIs were then propagated to images for the other
echoes, and mean signal intensity values were recorded.

Source-echo MRI signal intensities were analyzed with Mat-Lab (MathWorks, Natick, MA)
using a custom fitting algorithm (see Appendix in the online Supplement).6.7:14.15.19.20 The
algorithm also estimates and corrects for 7,* (for analyses with three or more echoes)
assuming exponential decay. PDFF (spectrally, and 7,*-corrected) and 7,* were estimated
using the first three, four, five, and (all) six echoes. PDFF (spectrally, but not 7,*-corrected)
was estimated using the first two echoes. To explore how 7,* correction affects two-echo
PDFF estimation, two-echo PDFF values were corrected for exponential 7,* decay using
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7>* values estimated from the six-echo method (henceforth called the 7,*-corrected two-
echo method).

Six-echo parametric PDFF (spectrally, and 7,*-corrected) maps were generated offline by
applying the same algorithm pixel-by-pixel using an Osirix (Osirix Foundation, Geneva,
Switzerland) custom open-source software plug-in.2! The three ROIs from fifth-echo source
images (as above) were propagated to parametric PDFF maps, and mean PDFF values
recorded.

MRS—The spectra from the individual channels were combined using singular value
decomposition.22 MRS data were analyzed offline by an MR physicist (G.H., >12 years of
experience) using the advanced method for accurate, robust, and efficient spectral fitting
(AMARES) algorithm in Java-based MR user-interface software.23:24 Contributions from
the two fat peaks close to the water peak (4.2 and 5.3 ppm) were estimated using a
previously established standard liver spectrum.1® MRS PDFF values were estimated as the
ratio of the sum of areas under all fat peaks, to the sum of areas under the water and all fat
peaks.

Statistical Analysis

The analysis cohort was summarized descriptively.

Bland—Altman plots were generated to show the difference between MRS and MRI PDFF
across the entire averaged (MRS plus MRI) PDFF range. Ninety-five percent limits of
agreement and Bland—Altman bias (the average difference between MRS and MRI PDFF)
were computed for each method.

Accuracy of each MRI PDFF estimation method (two-, three-, four-, five-, and (all) six-echo
ROI-based; and six-echo parametric map-based) was assessed using MRS PDFF as
reference. For each method, univariate linear regression analyses were used to model MRS
PDFF as a function of MRI PDFF. The resulting regression equations describe how to
transform MRI PDFF from each method to predict (reference) MRS PDFF.

The following metrics were obtained for each regression: slope, intercept, average bias of
regression (defined as the square root of the averaged squared difference between the
regression line and the “identity” MRS = MRI line), and R? (proportion of variance
explained by the regression). Bootstrap-based, bias-corrected accelerated confidence
intervals were computed around each parameter. Since the data were dependent (MRS and
MRI estimation methods were applied to the same subjects), bootstrap-based tests were used
to compare regression parameters of different models. PDFF estimated by the 7,*-corrected
two-echo method was compared to that estimated by the six-echo ROI-based method using a
paired £test.

T>* values estimated using the three-, four-, five-, and six-echo ROI-based methods were
compared pairwise using paired #tests.

Subanalyses were performed to test age, sex, and BMI as possible confounders of agreement
between MRS and MRI. We used multivariate linear regression analyses to model the
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absolute difference between MRS and MRI PDFF of each ROI-based method and of the
parametric map-based method as a function of these factors (ie, we examined whether any of
these factors were associated with error size).

In all, 506 adults with known or suspected NAFLD were included in this retrospective
analysis (267 male, 239 female). Cohort characteristics are summarized in Table 1. Sample
MR images showing MRS voxel placement, fifth echo MR images showing ROI placement,
and parametric PDFF maps are illustrated in Fig. 1. Sample MR spectra are illustrated in
Fig. 2.

Scatterplots of ROlIs placed on six-echo parametric PDFF maps, and on two-, three-, four-,
five-, and six-echo MR images showed strong agreement with MRS PDFF (Fig. 3). All
regression slopes were near unity, and all intercepts and average biases were near zero
(Table 2); nevertheless, all pairwise differences in slope, intercept, and average bias between
the various tested methods were significant (see Appendix, Table Al). The three- and four-
echo methods had intercept, bias, and Bland-Altman 95% limits of agreement of PDFF
difference closest to zero; slope was closest to unity for the five-echo method.

The two-echo method (spectrally corrected, but not 7,*-corrected) was least accurate and
underestimated PDFF by an average of 2.93%, as opposed to the other methods, which
underestimated PDFF by an average of 0.23% (three-echo) to 0.63% (six-echo parametric
PDFF maps). Using 7,* values derived from all six echoes to correct two-echo ROI values
resulted in closer agreement between these methods. For example, mean PDFF values for
To*-uncorrected two-echo, 7,*-corrected two-echo, and six-echo methods were 7.18%,
10.40%, and 9.56%, respectively.

Estimated 7,* values derived from three, four, five, and six echoes are presented in Fig. 4.
Those derived from the three-echo method were slightly higher than, and differed most
from, those derived from the other methods. All pairwise comparisons were significant (P <
0.0001, paired #tests).

Bland-Altman plots for the six-echo parametric PDFF map-based method, and for the two-,
three-, and six-echo ROI-based methods are shown in Fig. 5. Bias decreased with the
number of echoes used to calculate PDFF from six to three echoes.

Higher BMI was associated with higher absolute error in estimated MRI-PDFF for the
three-, four-, five-, and six-echo ROI-based methods, as well as for the parametric PDFF
map-based method (Prange: 0.0016 to 0.0783); however, the effect was small (absolute
error was 0.045 to 0.09% higher for a BMI increase of 5 kg/m?). Male gender was also
associated with higher absolute error for three-, four-, five-, and six-echo ROI-based
methods, as well as for the parametric PDFF map-based method (Prange: 0.015 to 0.037;
absolute error 0.15 to 0.16% higher in males than females). Age was not associated with
absolute error size for any method (Prange: 0.18 to 0.24). Analysis of potential confounders
was not performed for the two-echo method due to model instability.
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Discussion

In this retrospective, single-center analysis of 506 adults with known or suspected NAFLD
we determined the accuracy of, and the effect of common possible subject-based
confounders on, magnitude-based MRI for estimating hepatic PDFF for different numbers of
echoes, using MRS as reference.

High MRI PDFF estimation accuracy compared to MRS as reference was confirmed for the
three-, four-, five-, and six-echo ROI-based methods, and for a six-echo parametric map-
based method, with intercept and average bias close to 0, and slope and R? close to 1.
Accuracy indices showed small but statistically significant differences for the tested cross-
method comparisons. The three-echo method showed the most narrow Bland—Altman 95%
limits of agreement with intercept and average bias closest to 0, and as expected the
spectrally corrected two-echo method showed the least agreement with MRS with intercept
and average bias farthest from zero, slope and R? farthest from unity, and the most wide
Bland-Altman 95% limits of agreement.

A strength of this analysis is the large number of included subjects that allowed us to
determine whether our results were confounded by age, sex, or BMI. We know that pediatric
nonalcoholic steatohepatitis (NASH) is different in some ways from adult NASH,2® and so it
is possible that there are also differences in NAFLD between young and old adults. We also
know that there are differences in NAFLD between males and females.?6 It is also possible
that BMI could affect PDFF accuracy for large patients with a thick layer of adipose tissue,
leading to decreased signal-to-noise. We found that higher BMI and male sex were
associated with statistically significant, although small and probably clinically
nonmeaningfully, increased MRI PDFF estimation error, and that age did not confound MRI
PDFF estimation accuracy. The observation that these potentially confounding factors had
negligible impact on hepatic PDFF estimation is an important evidentiary step in the
continued qualification and validation of MRI PDFF as a biomarker of hepatic steatosis.

The small observed differences in accuracy indices for the different MRI PDFF estimation
methods are likely not clinically meaningful, especially for larger PDFF values. However,
reducing the number of echoes may improve scanning flexibility by permitting better liver
coverage (ie, more slices) or higher spatial resolution. Using fewer echoes will not reduce
total examination time for the (2D) magnitude-based MRI methods tested in this analysis
because TR cannot be reduced without introducing 7; weighting; reducing flip angle would
compensate for that, but only at the expense of often-necessary signal-to-noise, especially
for low PDFF values. However, for 3D methods such as complex-based MRI, using fewer or
more closely spaced echoes could reduce examination time, since TR (and flip angle) can be
reduced.

Two prior studies tested magnitude-based MRI PDFF estimation accuracy using different
numbers of echoes, using MRS PDFF as reference. Yokoo et al’ compared the accuracy of
two-, three-, and six-echo MRI PDFF estimation methods in 167 subjects, and reported that
the three- and six-echo methods were most accurate. Levin et al4 concluded in their study
of 84 subjects that accuracy increases as the number of echoes used for hepatic PDFF
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decreases from 16 to 3. Our analysis confirms the high PDFF estimation accuracies reported
in those studies and, additionally, extends their results in a larger population, providing more
detailed investigation of differences in accuracy using different analysis methods, helps
establish further the reliability of these methods, and enabled us to demonstrate that possible
subject-based confounders (age, sex, BMI) do not meaningfully affect correlation of MRI
with MRS.

Using six nominally in- and out-of-phase echoes may result in 7,* overestimation for low
values of 7,*, and hence lead to PDFF overestimation because signal may approach or drop
to noise levels for high TE values.13 Hence, sequences intended to estimate 7>* clinically,
especially in cases of iron overload, typically use shorter echo spacings than were used in
this analysis.?” This is unlikely to be an important factor in this analysis because our
observed 7,* values were not low enough in the majority of subjects to appreciably affect
signal-to-noise, for our choice of TE values. Also, as noted by Yokoo et al,’ the high
accuracy reported in their and other studies using these techniques suggests that random
noise is not clinically important. However, using fewer echoes (but not less than three) or
more closely spaced echoes may be preferable to estimate 7,* and PDFF most accurately
for subjects with low 75*.

We found that slightly higher 7,* (and PDFF) estimates were obtained using the three-echo
method than from using the other tested methods, and that the slightly higher PDFF
estimates from the three-echo method were more accurate than those estimated using the
other methods, using MRS as reference. Noting that the observed 7,* differences are small,
we do not in fact know which analysis method is giving the most accurate 7,* values since
we did not have a 7,* accuracy reference standard available for this analysis. Hence, it is
possible that using more echoes than three may be necessary to estimate 7,* most
accurately.

The lower correlation of the (only spectrally corrected) two-echo method with MRS
compared to the other tested methods, and the occasional negative two-echo MRI PDFF
values that are calculated for low PDFF values, are probably attributable to the inability of
the two-echo method to correct for 7,*, which requires at least three echoes. This is
supported by our finding that 7,* correction of the two-echo data, using values of 7,*
derived from all six echoes, brings corrected two-echo PDFF values into closer agreement
with those estimated for all six echoes.

A limitation of this analysis is that it was performed at a single center and on a single (3.0T
GE) scanner by a team experienced in this sort of imaging. However, prior studies have
shown the reproducibility of similarly obtained magnitude-based MRI results across
scanners from different manufacturers and at different field strengths, 2829 and hence if
similar, standardized techniques are used, this is probably not a meaningful limitation.

Another limitation is that we did not analyze possible histologic confounders such as
fibrosis, inflammation, or iron. Fibrosis has been reported to confound PDFF in some 20,27
but not other 30,31 studies, and further research is needed to determine the impact of fibrosis
on PDFF estimation accuracy. Iron is known to confound 7,*-uncorrected PDFF
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estimation32:33 but in principle should not confound 7,*-corrected methods unless iron
overload is extreme33; the iron concentration at which MRI PDFF estimation methods fail or
become inaccurate is not yet established. Inflammation probably has little or no confounding
effect on MRI PDFF estimation.30

A third limitation is that complex-based MRI was not included in this analysis. Strong
agreement has been shown between magnitude and complex-based MRI,13 and each method
separately has been shown to be similarly accurate compared to MRS as referencell12,
However, complex-based MRI was not obtained for most of the subjects included in this
retrospective analysis, and so could not be compared here to magnitude-based MRI. Given
that many clinical trials have used or are using magnitude-based MRI alone to estimate
PDFF, confirmation of accuracy and investigation of possible confounders for magnitude-
based MRI estimated PDFF is needed, especially since hepatic PDFF data from at least
some of those trials is being provided to the U.S. Food and Drug Administration (FDA) as a
biomarker for hepatic steatosis. As complex-based MRI is adopted and used more in the
future, it too will require further validation studies.

Finally, colocalization of manual MRI ROI placement with MRS voxel location was subject
to error because the MR images on which ROIs are placed were obtained in a separate,
previously obtained breath-hold from the one in which the MRS acquisition was obtained. It
would be preferable if MRI colocalization was established on images obtained with MRS
acquisition in the same breath-hold, but that capability currently is not available.
Nonetheless, the high level of agreement of MRI estimated PDFF with MRS suggests that
any colocalization error probably has only minimal impact on the assessment of PDFF
estimation accuracy in the liver.

In conclusion, this analysis showed that age, sex, and BMI are not clinically meaningful
confounders of PDFF estimation by magnitude-based MRI relative to MRS, and that with
small but statistically significant differences, MRI analysis methods using three to six echoes
spaced at nominally alternating in- and out-of-phase TEs accurately estimate hepatic PDFF.
Additionally, of these methods the three-echo method shows better indices of accuracy
compared to MRS than methods with greater numbers of echoes. More widespread
implementation in multicenter studies and use in a wider range of clinical settings would
help to further validate the technical performance and clinical utility of this type of imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
ROI colocalization. This set of images shows, for representative cases of both low (first row)

and high (second row) hepatic PDFF, how colocalization ROIs are placed on fifth-echo
source images (second column) and parametric PDFF maps (third column) at the MRS voxel
location (first column).
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FIGURE 2.
Representative MR spectra for a subject with a hepatic PDFF value of 32.4% showing the

water peak at 4.7 ppm and fat peaks at 5.3, 4.2, 2.75, 2.1, 1.3, and 0.9 ppm, for TE values of
10, 15, 20, 25, and 30 msec.
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FIGURE 3.

Linear regression plots for MRS as a function of M-MRI PDFF for the six-echo parametric
PDFF map, and the six-, three-, and two-echo ROI-based methods.
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FIGURE 4.
Boxplot showing 7>* values for six-, five-, four-, and three-echo ROI-based methods.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 April 04.

Page 14



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Heba et al.

MRS PDFF-MRI PDFF (%)

Page 15

-]

-4
L

o

6E parametric PDFF maps

0 10 20 30

40

3E ROI based = 2E ROI based
o od
; > % 0 0 S .
Mean of MRI and MRS PDFF (%)
FIGURE 5.

Bland-Altman plots showing the difference between MRS and M-MRI PDFF across the
entire range of PDFF for parametric PDFF maps, and for six-, three-, and two-echo ROI-
based methods. Note that the scale for lower right plot is different from the other three plots.
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