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Abstract
Purpose—To evaluate the effect of flip angle (FA) on accuracy and within-examination
repeatability of hepatic proton-density fat fraction (PDFF) estimation with complex data-based
magnetic resonance imaging (MRI).

Materials and Methods—PDFF was estimated at 3T in thirty subjects, using two sets of five
MRI sequences with FA from 1° to 5° in each set. One set used 7ms repetition time and acquired 6
echoes (TR7/E6); the other used 14ms and acquired 12 echoes (TR14/E12). For each FA in both
sets, the accuracy of MRI-PDFF was assessed relative to MR spectroscopy (MRS)-PDFF using
four regression parameters (slope, intercept, average bias, R2). Each subject had four random
sequences repeated; within-examination repeatability of MRI-PDFF for each FA was assessed
with intraclass correlation coefficient (ICC). Pairwise comparisons were made using bootstrap-
based tests.

Results—Most FAs provided high MRI-PDFF estimation accuracy (intercept range -1.25–0.84,
slope 0.89–1.06, average bias 0.24–1.65, R2 0.85–0.97). Most comparisons of regression
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parameters between FAs were not significant. Informally, in the TR7/E6 set, FAs of 2° and 3°
provided the highest accuracy, while FAs of 1° and 5° provided the lowest. In the TR14/E12 set,
accuracy parameters did not differ consistently between FAs. FAs in both sets provided high
within-examination repeatability (ICC range 0.981–0.998).

Conclusion—MRI-PDFF was repeatable and, for most FAs, accurate in both sequence sets. In
the TR7/E6 sequence set, FAs of 2° and 3° informally provided the highest accuracy. In the TR14/
E12 sequence set, all FAs provided similar accuracy.
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INTRODUCTION
Complex data-based magnetic resonance imaging (MRI) can estimate the hepatic proton
density fat fraction (PDFF), the proportion of mobile protons in liver tissue attributable to
triglyceride fat (1), with high accuracy in human subjects using magnetic resonance
spectroscopy (MRS) as the reference standard (2–4). This technique (5) uses both magnitude
and phase information to permit separation of water and triglyceride fat and calculate the
triglyceride fat fraction from 0 to 100%. It also uses a low flip angle (FA) relative to
repetition time (TR) to reduce bias from T1 relaxation (5); acquires multiple echoes at
different echo times (TE) per excitation to permit estimation of and correction for T2* decay
(6); and applies prior knowledge of the fat spectrum to model the spectral complexity of fat
(7,8). Additonally, this technique applies magnitude discrimination to reduce noise bias and
hybrid complex-magnitude fitting to cancel artifactual phase shifts caused by eddy currents
(9).

The choice of FA is critical using this technique: the FA must be sufficiently low relative to
TR to keep T1 confounding effects negligible but sufficiently high to maintain adequate
signal to noise ratio (SNR). In the low FA range, SNR is proportional to FA. Hence,
increasing the FA within this range generates higher SNR at the cost of greater T1 bias,
while decreasing the FA reduces T1 bias at the cost of lower SNR. Both T1 bias and low
SNR can lead to inaccuracy in the MRI-PDFF estimation: the former by causing systematic
overestimation, the latter by increasing estimation variability.

At 1.5T, the technique was accurate in human subjects using a FA of 5° and a TR of 14 ms
(4), with MRS-measured PDFF (MRS-PDFF) as the reference standard, suggesting a FA of
5° at a TR of 14 ms is appropriate for MRI-PDFF estimation at 1.5T. However, the relative
T1s of fat and water protons depend on field strength (10,11). Thus, while a FA/TR
combination of 5° and 14 ms may be appropriate for MRI-PDFF estimation at 1.5T, this
combination may provide too much T1 weighting and cause PDFF overestimation at 3T. A
FA smaller than 5° is likely to be more appropriate at 3T but the optimal FA is not yet
known.

The purpose of this technical report is to evaluate the effect of FA on accuracy and within-
examination repeatability of hepatic MRI-PDFF estimation with complex data-based MRI.

MATERIALS AND METHODS
Subjects

This cross-sectional clinical study was compliant with the Health Insurance Portability and
Accountability Act and approved by an institutional review board. From a cohort of over
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1000 pediatric and adult research participants, 30 subjects spanning a wide PDFF spectrum
based on prior MRS examinations were prospectively recruited between October 2009 and
May 2010. Inclusion criteria were willingness to participate and ability to hold breath for 20
seconds. Exclusion criteria were pregnancy, trying to become pregnant, contraindications to
MRI, and severe claustrophobia. Subjects’ demographic information, weight, height and
body mass index (BMI) were recorded. Adult subjects gave informed consent. Pediatric
subjects gave informed assent with parental consent.

MR Examinations
Subjects were scanned on a single 3T clinical scanner (Signa HDx, GE Healthcare,
Waukesha, WI). Subjects were positioned supine with an 8-channel torso phased array coil
centered over the liver. A dielectric pad was placed between the coil and the abdomen.

MRS Technique—Using three-plane localizing images and avoiding major vessels, bile
ducts, and artifacts, a single 20×20×20 mm3 voxel was placed in segment V or VIII of the
liver, as this location consistently provides reliable MRS measurements. Spatial saturation
bands around the voxel were disabled to ensure a uniform spectral response across the
frequency range (12). After automatic shimming during free breathing, single-voxel proton
MRS was performed in a 21-second breath-hold using stimulated echo acquisition mode
(STEAM) (13). The sequence was performed three times with identical parameters. To
minimize T1 effects, TR was set at 3500 ms with the lowest allowed mixing time (TM) of
10 ms. Following a single pre-acquisition excitation pulse to balance T1 saturation effects,
five STEAM spectra, each with a single average, were collected at equally spaced TEs
between 10 and 30 ms in a single acquisition. This range of TEs permits robust T2
correction with minimal confounding from J-coupling (13). The spectra from the individual
channels were combined using singular value decomposition (14). An anatomic image
showing the MRS voxel location was saved.

MRI Technique—MR images of the liver centered at the level of the MRS voxel were
obtained with an investigational version of a chemical shift-based water-fat separation
method known as Iterative Decomposition of water and fat with Echo Asymmetry and
Least-squares estimation (IDEAL) (15,16), implemented with a multi-echo 3D-spoiled
gradient-echo acquisition. Two sets of five sequences, in separate breathholds, were
obtained per subject. One set used TR of 7ms and acquired 6 echoes with an echo train
length (ETL) of 3 (TR7/E6) with fly-back readouts and with echo spacing chosen to
maximize the signal-to-noise ratio performance of the water-fat separation; the other used
TR of 14ms and acquired 12 echoes with ETL of 6 (TR14/E12). The 7 ms TR is the lowest
TR at 3T that permits acquisiton of six appropriately spaced echoes as done in the recent
1.5T study (4). The 14 ms TR in TR14/E12 matched the TR used in that study. Because the
fat-water oscillation frequency at 3T is twice that at 1.5T, 12 appropriately spaced echoes
could be obtained using this TR at 3T. Figure 1 shows representative images from each set,
along with anatomic images used to co-localize regions of interest (ROIs) to the MRS voxel.

To assess FA effects, each sequence within a set was performed using a different FA (5°, 4°,
3°, 2°, 1°), while keeping calibration and all other imaging parameters constant: first echo
time = 1 ms, echo spacing = 0.8 ms, bandwidth (BW) = ± 200 kHz, field of view (FOV) =
44×44 cm, slice thickness = 8 mm, and 224×160 matrix. Acquisition time ranged from 18 to
25 seconds. Parallel imaging was not performed.

To assess within-examination repeatability, four sequences selected by block randomization
were repeated three times in each subject without removing the subject from the scanner.
The randomization was designed to repeat each sequence in at least eleven subjects (a
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reasonable statistical minimum). To avoid excessive burden on research subjects we did not
repeat each sequence in each subject three times. A representative set of repeat sequence
images is shown in Figure 2.

MR Analysis
MRS Analysis—An MR physicist (--, PhD, 10-years experience) analyzed the MR spectra
using Advanced Method for Accurate, Robust, and Efficient Spectral (AMARES) fitting
included in Java based Magnetic Resonance User Interface software (http://sermn02.uab.es/
mrui) (17,18). Peaks corresponding to water (4.7 ppm) and fat (2.2, 1.3, 0.9 ppm) were
modeled as Gaussian resonances and measured. The T2-values of the spectral peaks and the
T2-corrected peak areas were calculated by non-linear least-square fitting. Fat peaks at 4.2
and 5.3 ppm are obscured by the water peak and not visible at in-vivo field strengths in
human liver; these peak areas were estimated from the visible fat peaks based on the known
biochemical structure of human liver triglyceride (19). The MRS-PDFF was calculated
separately for each MRS acquisition as the integrated sum of T2-corrected fat peaks divided
by the sum of T2-corrected fat and water peaks. The average of the three per-subject co-
localized MRS-PDFF values was computed and used as the reference standard. T1 effects
were assumed negligible at the acquired TRs and TMs.

MRI Analysis—MR source images were reconstructed using an investigational on-line
algorithm to generate water images, fat images, and MRI-PDFF maps. The algorithm
generated water and fat images from the complex source data using a region growing
approach to avoid water-fat swapping. The algorithm corrected the water and fat images for
confounding effects due to T2* decay, noise bias, and eddy currents, and used spectral
modeling of fat. MRI-PDFF maps were generated automatically from the corrected water
and fat images as (F/(W+F)). Reconstructed images and maps were saved in DICOM
format.

A trained research fellow (--, 1-year experience) manually placed one ROI identical in size
and co-localized with the MRS voxel on the water images generated by each imaging
sequence. (Figures 1 and 2). Co-localization was performed by comparing the water images
with the saved anatomic image showing the MRS voxel location (Figure 2). In the repeated
sequences, two additional ROIs of the same size were placed on water images elsewhere on
the same slice, avoiding blood vessels and artifacts (Figure 2). ROIs then were propagated
from the water images to the corresponding MRI-PDFF maps.

Blinding
The MRI analyst and the MR spectroscopist were blinded to each other’s results. Both were
blinded to clinical data and prior MRS-PDFF measurements,.

Statistical Analysis
Accuracy Assessments—For both sets of sequences (TR7/E6 and TR14/E12), the
average MRS-PDFF was regressed on MRI-PDFF using a single-predictor regression for
each FA in each sequence set.

The reason MRS-PDFF was regressed on MRI-PDFF is to adhere to a statistical convention,
whereby the predictor (e.g. the test measurement, here MRI-PDFF) is placed on the x-axis
and the outcome (e.g. the reference measurement, here MRS-PDFF) on the y-axis. The
resulting regression equation describes how to transform the observed MRI-PDFF predictor
to estimate the MRS-PDFF outcome.

Four parameters were computed from each regression model:
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• The intercept of the regression line, which is the predicted value of the MRS-
PDFF when the MRI-PDFF is equal to 0. As MRS-PDFF was regressed on MRI-
PDFF, a positive intercept indicates that MRI tends to underestimate PDFF, while a
negative intercept indicates that MRI tends to overestimate PDFF.

• The slope of the regression line. As MRS-PDFF was regressed on MRI-PDFF, a
slope greater than 1 indicates that MRI tends to underestimate PDFF, while a slope
less than 1 indicates that MRI tends to overestimate PDFF.

• The average bias of the fitted regression, defined as the square root of the average
squared difference between the regression line and the MRS = MRI line
(intercept=0, slope=1). The average bias reflects the magnitude of systematic
estimation error, with higher values indicating greater error.

• The R2 of the fitted regression line, which corresponds to the proportion of
variance explained by the regression. An R2 of 1 would imply MRS-PDFF is
perfectly predicted by MRI-PDFF, while lower values of R2 correspond to higher
residual variance and lower predictive accuracy.

Parametric 95% confidence intervals (CI) were constructed around the regression intercept
and slope, while bootstrap-based 95% CIs were constructed around average bias and R2.
Bootstrap-based tests were used to make pairwise comparisons of the performance
parameters obtained with different FAs in each sequence set. A Bonferroni correction was
used to adjust for multiple comparisons within each sequence set, setting the significance
threshold for comparisons within each sequence set at alpha = 0.005.

Repeatability Assessments—For each FA in both sequence sets, intra-class correlation
(ICC) was estimated for the three repeated MRI-estimated PDFF values in the subset of
subjects with that sequence repeated. To adjust for within-subject dependence, bootstrap-
based 95% CIs were constructed around each ICC. Bootstrap-based tests were used to make
pairwise comparisons of the ICC obtained with different FAs in each sequence set. P-values
below 0.005 were considered significant (Bonferroni correction).

RESULTS
Subject Characteristics

The 30 enrolled subjects (12 female, 18 male) were 15 to 66 years old (mean 38 years), with
BMI from 20.2 to 40.4 kg/m2 (mean 29.5 kg/m2). MRS-PDFF ranged from 1% to 25.2%
(mean 12.1%): 6 subjects had 0–2% MRS-PDFF, 1 had 3–5%, 5 had 6–10%, 8 had 11–15%,
6 had 16–20%, and 4 had ≥ 21%.

Effect of Flip Angle on PDFF Estimation Accuracy for Each Set of Sequences
Accuracy Assessments—Scatterplots of MRS-PDFF vs. MRI-PDFF for each FA in
both sequence sets are shown in Figure 3. The four regression parameters for each FA in
both sequence sets (intercept, slope, average bias and R2) are summarized in Table 1 and
Figure 4.

The regression intercepts ranged from −1.25 to 0.84. The 95% CIs for the regression
intercepts for all FAs in both sequence sets included 0; hence, no FA in either sequence set
achieved an intercept significantly different from 0. Based on the bootstrap tests there were
no differences in intercepts between FAs in either sequence.

Regression slopes ranged from 0.89 to 1.06 (with CIs for most sequences covering 1). For
both sequence sets, the regression slopes increased monotonically from below 1 (MRI

Johnson et al. Page 5

J Magn Reson Imaging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



overestimates PDFF) to above 1 (MRI underestimates PDFF) as FA decreased from 5° to 1°.
Informally, regression slopes closest to 1 were achieved at FAs of 2° and 3° for both
sequence sets. In the TR7/E6 sequence set, the slope achieved with FA 2° was significantly
closer to 1 than the slopes achieved with FAs 4° and 5°, and the slope achieved with FA 3°
was significantly closer to 1 than the slope achieved with FA 5°. In the TR14/E12 sequence
set, no FA provided a slope significantly closer to 1 than any other FA.

Average bias ranged from 0.24% to 1.65%. For both sequence sets, average bias was the
highest at FA 5°. In the TR7/E6 sequence set, the average bias at FA 5° was significantly
higher than at all other FAs. Informally FAs of 2° and 3° provided the lowest average bias
for this sequence set. The average bias at FA 3° was significantly lower than at FA 4°; other
pairwise comparisons were not significant for this sequence set. There were no significant
differences in average bias between any FAs in the TR14/E12 sequence set.

R2 values ranged from 0.85 to 0.97. For both sequence sets, R2 values were furthest from 1
at FA of 1°. In the TR7/E6 sequence set, R2 achieved with FA 1° was significantly lower
than that achieved with all other FAs, and R2 achieved with FA 2° was significantly lower
than that achieved with FA 4°, although the difference (0.942 vs. 0.960) between FAs 2° and
4° is probably not meaningful. In the TR14/E12 sequence set, R2 achieved with FA 1° was
lower than that achieved with FA 4°, although this difference (0.929 vs. 0.955) is probably
also not meaningful.

Repeatability Assessments—All FAs in each sequence set provided high within-
examintion repeatability (Table 2). ICC coefficients ranged from 0.981 to 0.998 depending
on FA and sequence set. The ICC achieved with FA 1° was significantly lower than that
achieved with FA 4° in the TR7/E6 sequence set; this difference (0.982 vs. 0.998) is
probably not meaningful.

DISCUSSION
This prospective clinical study assessed the effect of FA on MRI-PDFF estimation accuracy
and within-examination repeatability of a complex data-based, T1-independent, T2*-
corrected, spectrum-modeled MRI technique at 3T. While this study used an investigational
variant of this technique, the technique is now commercially available and is simple to
perform and analyze in the clinical setting. MRS-PDFF was the reference standard, as done
in prior studies (2–4), because it is considered the most accurate non-invasive method to
measure PDFF, and it can be performed contemporaneously to and co-localized with MRI.

Accuracy of MRI-PDFF was assessed by regressing MRS-PDFF on MRI-PDFF for each FA
in each sequence set. The four regression parameters (intercept, slope, average bias, and R2)
assess two separate aspects of the MRS-MRI relationship: bias and variance. Slope,
intercept, and average bias reflect the magnitude of systematic deviations between MRS-
PDFF and MRI-PDFF and are all measurements of bias. R2 is a measure of variance; lower
R2 corresponds to greater residual variance in the MRI-MRS model.

Most MRI sequences provided high accuracy and all provided high within-examination
repeatability for PDFF estimation. The high accuracy of most sequences and the high
within-examination repeatability of all sequences confirm the results of other recent studies
on PDFF estimation methods (2,20–22).

While most sequences were accurate, some performance differences were observed in the
TR7/E6 sequence set. FAs of 1° and 5° provided the worst fit to the MRS-PDFF data, due to
variance and bias, respectively. FAs of 2° and 3° provided the best fit overall of MRI-PDFF
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to MRS-PDFF, with acceptably low bias and acceptably low variance, although only some
of the individual performance parameters for these FAs were significantly better than those
for other FAs. The observation that FAs of 2° and 3° provided the best fit overall suggests
that these FAs provide an optimal compromise in this sequence set between T1 bias, which
leads to systematic overestimation, and low SNR, which leads to high variance.

In the TR14/E12 sequence set, no significant differences in performance were observed
between FAs, with a single exception (R2 of FA 1° was significantly lower than the R2 of
FA 4°, but the difference is probably not meaningful); hence, with our sample size, the
performance of the various FAs was similar. The lower dependence of performance on FA
observed in this sequence set may in part be due to its longer TR which reduces the degree
of T1-weighting, partially offsetting T1 bias.

A limitation of our study was the inability to use internally calibrated parallel imaging with
the version of the investigational imaging technique available to us. The use of parallel
imaging would have reduced imaging time, albeit at a lower SNR, and the results of this
study may not be generalizable to newer versions of the sequence that use internally
calibrated parallel imaging. The 14 ms and 7 ms repetition times had different numbers of
echoes, 12 and 6, respectively. As a result, this study cannot separate the potential effects of
repetition time and the number of echoes.

In conclusion, we found that complex data-based, T1-independent, T2*-corrected, spectrum-
modeled magnetic resonance imaging was accurate and repeatable in human subjects at 3T
over a range of FAs from 1° to 5°. In the TR7/E6 sequence set, FAs of 2° and 3° may be
optimal by providing both acceptably low bias and acceptably low variance. In the TR14/
E12 sequence set, all FAs achieved reasonably good performance.
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Figure 1.
Representative images from an 18-year old male subject with MRS-PDFF of 19.1% to
illustrate co-localization of the region of interest on MRI PDFF maps and MRS voxel
location. The MRS localizing image and the anatomic image used to co-localize the ROIs on
the MRI-PDFF maps are shown on the left. To the right are shown MRI-PDFF maps
acquired with FAs 5° through 1° in the TR7/E6 sequence set (top row) and in the TR14/E12
sequence set (bottom row). For each FA in each sequence set, the MRI-PDFF measured in
the region of interest (circle) corresponding to the MRS voxel location is indicated.
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Figure 2.
Representative images from the same 18-year old male subject shown in Figure 1. The top
row of maps are generated from three repeated acquisitions with FA 3° in the TR7/E6
sequence set. The bottom row of maps are generated from three repeated acquisitions with
FA 2° in the TR14/E12 sequence set. Note that each map has 3 ROIs drawn to allow greater
assessment of repeatability. One ROI (solid circle) was co-localized with the MRS voxel
and used in the assessment of accuracy. The other two ROIs (dashed circles) were not co-
localized with the MRS voxel.
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Figure 3.
Scatterplots of MRS-PDFF vs. MRI-PDFF for all FAs in both sequence sets. The dark line is
the regression line. The light grey line is the equality (MRS-PDFF=MRI-PDFF) line.
Regression parameters from a MRS-PDFF vs. MRI-PDFF univariate regression are shown
on each plot.

Johnson et al. Page 11

J Magn Reson Imaging. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The plots show means and 95% confidence intervals of the four regression parameters
(intercept, slope, average bias and R2) for each FA in both sequence sets.
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