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To investigate the effect of the multipeak spectral model-
ing of fat on R2* values as measures of liver iron and on
the quantification of liver fat fraction, with biopsy as the
reference standard.

Institutional review board approval and informed con-
sent were obtained. Patients with liver disease (n = 95;
50 men, 45 women; mean age, 57.2 years = 14.1 [stan-
dard deviation]) underwent a nontargeted liver biopsy,
and 97 biopsy samples were reviewed for steatosis and
iron grades. MR imaging at 1.5 T was performed 24-72
hours after biopsy by using a three-echo three-dimension-
al gradient-echo sequence for water and fat separation.
Data were reconstructed off-line, correcting for T1 and
T2* effects. Fat fraction and R2* maps (1/T2*) were re-
constructed and differences in R2* and steatosis grades
with and without multipeak modeling of fat were tested by
using the Kruskal-Wallis test. Spearman rank correlation
coefficient was used to assess fat fractions and steatosis
grades. Linear regression analysis was performed to com-
pare the fat fraction for both models.

Mean steatosis grade at biopsy ranged from 0% to 95%.
Biopsy specimens in 26 of 97 patients (27%) showed liver
iron (15 mild, six moderate, and five severe). In all 71
samples without iron, a strong increase in the apparent
R2* was observed with increasing steatosis grade when
single-peak modeling of fat was used (P = .001). When
multipeak modeling was used, there were no differences
in the apparent R2* as a function of steatosis grading (P =
.645), and R2* values agreed closely with those reported
in the literature. Good correlation between fat fraction
and steatosis grade was observed (r;= 0.85) both without
and with spectral modeling.

In the presence of fat, multipeak spectral modeling of
fat improves the agreement between R2* and liver iron.
Single-peak modeling of fat leads to underestimation of
liver fat.

©RSNA, 2012

Supplemental material: http://radiology.rsna.org/lookup
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onalcoholic fatty liver disease

(NAFLD) and chronic liver iron

overload are the most com-
mon metabolic causes of chronic liver
disease (1). NAFLD is a spectrum of
diseases including isolated steatosis,
steatohepatitis, cirrhosis, liver failure,
and hepatocellular carcinoma. NAFLD
is a feature of metabolic syndrome,
which includes obesity, type 2 diabetes,
and cardiovascular disease (2-4). Liver
iron overload, which results from he-
reditary hemochromatosis, multiple
transfusions, hereditary anemia (eg,
thalassemia), and chronic liver disease,
has the potential to accelerate liver
damage that can lead to cirrhosis and
hepatocellular carcinoma (5). In addi-
tion, up to 40% of patients with NAFLD
have concomitant iron overload (6-9).
A strong association between iron and
aggressive  NAFLD has been shown
(7,8), and in hemochromatosis, the se-
verity of disease progression worsens in
patients with steatosis (10).

Advances in Knowledge

B |n the presence of liver fat, R2*
values will be estimated incor-
rectly by using chemical shift
encoded MR imaging unless mul-
tipeak spectral modeling of fat is
used and results in significant
differences in R2* values in
patients without liver iron (P =
.001).

B [n patients with fatty liver, the fat
fraction is systematically under-
estimated when the single-peak
model is used, compared with
the use of the multipeak fat
model (slope = 0.89 = 0.001, P
< .001; intercept = —0.03 =
0.018, P = .104); however, both
approaches correlate closely with
biopsy results, with a Spearman
correlation coefficient for both of
0.85.

® Correcting for the spectral com-
plexity of the fat signal (multi-
peak modeling of fat) removes
both errors in R2* estimation
and the underestimation of fat
fraction.

Liver core biopsy with histologic
analysis is the most widely accepted ref-
erence standard for assessment of liver
fat and iron. Unfortunately, liver core
biopsy is expensive and invasive. Al-
though the risk of complications is low,
hospitalization after biopsy is necessary
in 1%-3% of cases, and death occurs
in 1 in 10000-12000 patients (11,12).
Furthermore, liver core biopsy has a
high sampling variability, which limits
its utility for quantitative assessment of
diffuse liver disease because regional
heterogeneity may occur (13,14). In-
deed, both steatosis and iron deposi-
tion are well known to be geographi-
cally heterogeneous. For these reasons,
noninvasive imaging techniques that al-
low visualization of the entire liver are
desirable for measurement of liver fat
and iron. The presence of liver fat can
be detected noninvasively with ultraso-
nography (US) (15,16) or computed to-
mography (CT) (17), but both imaging
modalities have limited accuracy. Fur-
thermore, liver iron overload cannot be
quantified reliably by using US or CT,
although severe iron overload can be
detected by using CT (18).

Noninvasive magnetic resonance
(MR) imaging techniques such as MR
spectroscopy and chemical shift en-
coded MR imaging with water and fat
separation can provide reliable quanti-
fication of liver fat (18-22). However,
to obtain accurate liver fat fraction
measurements, MR imaging techniques
must account for several confounding
factors, including T2* and T1 relaxation
effects, noise bias, and spectral model-
ing of fat (23-27).

T2* decay can affect fat quantifica-
tion, particularly in tissues with short

Implications for Patient Care

B Multipeak fat spectral modeling
is necessary for reliable liver fat
and iron quantification in
patients with liver fat.

B [t is possible to quantify liver ste-
atosis and liver iron overload in
one breath hold by using three-
echo chemical shift encoded MR
imaging and multipeak fat spec-
tral modeling.

T2* (eg, in the presence of iron). Cur-
rently, correction for T2* relaxation ef-
fects has the advantage of providing an
R2* map as a byproduct of fat quantifi-
cation, because R2* is equal to 1/T2*.
Although it is necessary for accurate fat
quantification, the R2* map is of clini-
cal interest because the correlation be-
tween R2* and liver iron has been well
established both theoretically (28) and
clinically (29,30).

T1 effects can introduce errors in
fat quantification when gradient-echo
pulse sequences are used (24). T1 ef-
fects can be avoided by using small flip
angles, or they can be corrected by
means of postprocessing (31).

Another source of systematic error
in fat quantification by using chemical
shift techniques is the spectral com-
plexity of the fat signal (containing mul-
tiple peaks in the 'H MR spectrum).
When chemical-shift MR imaging
methods that do not include multipeak
fat spectral modeling are used, only
the single methylene fat peak at a
frequency shift of —3.3 ppm (—217 Hz
at 1.5 T) relative to the water signal is
considered. However, fat contains mul-
tiple '"H peaks from the various chemi-
cal moieties of triglycerides. Spectral
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modeling including multiple fat peaks
is well established as necessary for
accurate quantification of the proton
density fat fraction with MR imaging
(19-21,25,27,32,33).

Various investigators have reported
differences in apparent R2* maps in
fatty tissue (eg, visceral and subcutane-
ous fat) when multipeak spectral mod-
eling of fat was (25) and was not (34)
used 1In their studies. However, the in-
fluence of the multipeak spectral model
in the assessment of liver R2* values for
iron quantification has not been rigor-
ously evaluated.

The purpose of this study was to
investigate the effect of multipeak spec-
tral modeling of fat in the estimation of
R2* values as a measure of liver iron
and in the quantification of liver fat
fraction by using biopsy as the refer-
ence standard.

Materials and Methods

S.K. is an employee of Siemens Health-
care (Erlangen, Germany). He had no
control of inclusion of data and infor-
mation. He was not involved in the data
acquisition and data analyses.

This prospective study was ap-
proved by the institutional review board
of the University Hospital, Greifswald,
Germany. Written informed consent
was obtained separately for liver biopsy
and postinterventional MR imaging.

Patients and Liver Core Biopsy

Between January 2009 and September
2010, a total of 97 patients underwent
clinically indicated liver biopsy and
postinterventional liver MR imaging in-
cluding a study sequence for liver fat
quantification. Inclusion criteria were
patient age of 18 years or older and
a clear clinical indication for the liver
core biopsy, and consent to participate
in this study. Exclusion criteria included
contraindications to MR imaging, such
as metallic implants, pacing devices,
or claustrophobia. No patients were
excluded from the study for these rea-
sons (n = 0). In two patients, two in-
dependent biopsies were performed at
the same biopsy setting at two different
locations in areas of focal steatosis. A

total of 99 independent biopsy spec-
imens in 97 patients were obtained;
however, data from two patients were
not included because raw MR imaging
data were not stored for these patients.

Therefore, a total of 97 biopsy spec-
imens from 95 patients (50 men, mean
age * standard deviation, 56.1 years *
14.6; 45 women, mean age 58.4 years
+ 13.6) with complete MR imaging data
sets were available for data analysis.
Fifty-one patients had elevated liver
enzyme levels, and 44 patients were
suspected of having malignant liver tu-
mors. Per institutional guidelines, pa-
tients suspected of having liver tumors
underwent two biopsies. One biopsy
was obtained in the liver lesion, and
the second, nontargeted biopsy was ob-
tained from liver parenchyma that was
remote from any focal liver lesions to
evaluate for diffuse liver disease. Image-
guided liver biopsy was performed by
using 16- to 18-gauge biopsy systems
(Bard Peripheral Vascular, Tempe, Ariz;
Somatex Medical Technologies GmbH,
Teltow, Germany) while the patients
were under conscious sedation.

A total of 97 core samples obtained
from liver parenchyma (remote from fo-
cal lesions) were included in this study.
The Couinaud segment from which the
image-guided biopsy was obtained was
recorded. Patients with a parenchymal
hemorrhage detected at MR imaging
(defined as circumscribed hyperintense
signal intensity in the study sequence)
were to be excluded; however, no post-
interventional parenchymal hemor-
rhage was observed.

Histologic Assessment of Liver Core
Biopsy

Two board-certified pathologists (M.E.
and F.D., with 12 and 17 years of expe-
rience in liver pathology, respectively)
reviewed the biopsy samples to evalu-
ate for steatosis and iron. Both readers
were blinded to the results from MR
imaging. Liver steatosis (degree of he-
patocellular fat content) was evaluated
on a scale of 0%-100% (0%, no steato-
sis; 3%-5%, mild steatosis; and 5%-
100% in steps of 5% for higher grades)
by using hematoxylin-eosin stain. In
cases of disagreement of more than 5%

between pathologists, a consensus value
was used. Steatosis was also graded on
a four-point scale according to methods
described by Brunt et al (35): grade 0
(none), less than 5% of hepatocytes af-
fected; grade 1 (mild), 5%-33% of he-
patocytes affected; grade 2 (moderate),
34%-66% of hepatocytes affected; and
grade 3 (severe) 67% or more of the
hepatocytes affected.

In addition, liver iron was evaluated
by using Perl’s Prussian blue staining
for all samples. According to local in-
stitutional practice, iron was subjec-
tively graded by evaluating the relative
number of hepatocytes containing iron
granules as follows: grade 0 (no iron),
less than 5% of hepatocytes affected
but may contain a single intracytoplas-
mic iron granule; grade 1 (mild), 5%-
20% of hepatocytes affected, usually
contains a group of iron granules in a
small portion of the cytoplasm; grade
2 (moderate), 21%-50% of hepatocytes
affected, shows occasional diffuse cyto-
plasmic iron staining; grade 3 (severe),
more than 50% of hepatocytes affected,
shows either a diffuse cytoplasmic
staining or large deep blue clusters of
iron deposits.

MR Equipment and Study Sequences

All patients underwent abdominal MR
imaging 24-72 hours after liver biopsy.
MR imaging was performed by using a
1.5-T MR imaging system (Magnetom
Avanto, software version VB15; Sie-
mens Healthcare) with a 12-channel
phased-array surface coil.

Three-dimensional  gradient-echo
data with three echoes and flyback
readout gradient were acquired from
an axial slab during a single 19-second
breath hold. Imaging parameters in-
cluded repetition time, 11 msec; echo
times, 2.4, 4.8, and 9.6 msec; flip an-
gle, 10°; number of signals acquired,
one; bandwidth, = 1065 hertz per
pixel; matrix, 224 X 168 X 64; field of
view, 410 X 308 mm; parallel imaging
effective acceleration factor, 1.8; and
section thickness, 3.0 mm.

Offline reconstructions of fat frac-
tion (including correction for T1 bias
and T2* decay) and R2* mapping were
performed from magnitude images of
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the three-echo acquisition by using both
single-peak and multipeak modeling of
fat to compare the two models. Fat and
water ambiguities were resolved by
using the phase of the acquired data.
Mathematical details on the recon-
struction are provided in Appendix E1
(online).

MR Imaging Data Analysis

One radiologist (J.K., with more than 5
years of experience in liver imaging) re-
viewed the images, which consisted of
two R2* maps (estimated by using sin-
gle-peak and multipeak fat models) and
two fat fraction maps (single-peak and
multipeak fat; both with correction for
T1 bias and T2* effects). The readers
were unaware of histologic results but
had knowledge of the Couinaud segment
from which the biopsy was obtained.
Mean fat fractions and R2* values were
determined at operator-defined regions
of interest of 1.5-2.0 cm? placed at the
known biopsy segment, by using Osirix
(v3.8.1; Pixmec Sarl, Bernex, Switzer-
land). Care was taken when the regions
of interest were placed to avoid blood
vessels and regions that were obviously
contaminated by partial volume effects
and motion artifacts.

Statistical Analysis

Variables were described as means and
standard deviations. The Kruskal-Wallis
test was used to test for significant dif-
ferences between R2* values and defined
groups of histologic steatosis grade, and
between R2* values and histologic iron
grade according to the type of image re-
construction (single-peak or multipeak
model).

To compare the image-based fat
fraction and the histologically deter-
mined steatosis grade, Spearman rank
correlation coefficients (ry) were calcu-
lated separately for single- and multi-
peak data. Furthermore, a comparison
of the MR imaging fat fractions deter-
mined by using single-peak and mul-
tipeak modeling of fat was performed
by calibration to regress single-peak
values on their multipeak counterparts.
From these regressions the coefficient
of determination (r?), slope, intercept,
and standard errors were extracted. In

addition, receiver operating character-
istic analyses including a calculation of
sensitivity, specificity, accuracy, and area
under the curve (AUC) for each method
(single vs multipeak) and each measured
quantity (fat fraction and iron) were per-
formed. Threshold values that provided
a good balance of sensitivity and speci-
ficity of R2* and MR imaging-based fat
fraction according to histologic results
were defined. To enable computation of
diagnostic accuracy measures, histologic
grades were dichotomized as follows: 0
versus greater than 0; O versus 1; 1 ver-
sus 2; and 2 versus 3.

Results were considered to indi-
cate a statistically significant differ-
ence when P values were less than .05.
Analyses and plots were performed by
using commercially available software
(SPSS, release 14.0, Chicago, Ill; and
R, release 2.12.1, R Development Core
Team 2009, Vienna, Austria).

The histologically determined steato-
sis grades for the 97 specimens ranged
from 0% to 95%, with 46 (47%) grade
0, 38 (39%) grade 1, seven (7%) grade
2, and six (6%) grade 3. In the 97
specimens, increased liver iron was ob-
served in 26 (27%), including 15 (15%)
with grade 1 iron overload, six (6%)
with grade 2, and five (5%) with grade
3. Seventy-one of 97 samples (73%)
had no increased iron identified at his-
tologic examination (grade 0).
Examples of R2* maps in two pa-
tients without iron detected on histo-
logic examination, which were gener-
ated by using single-peak and multipeak
models are shown in Figure 1. Results
of the R2* measurements in the pa-
tients with no iron detected at histo-
logic examination and their relationship
to steatosis grade from histologic exam-
ination are shown in Figure 2. When
single-peak modeling of fat was used,
there was a progressive and marked
increase in the mean apparent R2* as
the steatosis grade increased (grade 0,
31.3 sec™! = 5.1; grade 1, 37.1 sec™' =
5.9; grade 2, 45.9 sec™! + 5.3; grade
3, 63.6 sec”! = 17.0) (P < .001). How-
ever, when multipeak modeling of fat

was used, there was no dependence
of the R2* measurements on steatosis
grade (grade 0, 29.4 sec™! = 5.1; grade
1, 31.1 sec™! £ 5.5; grade 2, 30.9 sec™!
+ 3.7; grade 3, 29.6 sec™! * 5.2) (P
= .645). The average R2* values mea-
sured in those patients without iron on
biopsy were 37.0 sec™! = 10.9 by using
single-peak modeling and 30.1 sec™! *
5.1 by using multipeak modeling of fat.

For all 97 samples, the correspond-
ing R2* maps (single-peak and mul-
tipeak modeling) were compared with
histologic iron grades. Examples are
shown in Figure 3. As is shown in Fig-
ure 4, R2* values measured by using
both single-peak reconstruction and
multipeak reconstruction showed signif-
icant increases in histologic iron grade
(P =.001). In comparison with single-
peak reconstruction, however, the use
of a multipeak reconstruction model
led to fewer outliers in groups 0 and 1.
These outliers corresponded to patients
with high steatosis grades. One of the
outliers (steatosis grade 3) is shown in
Figure 1.

On the basis of histologic iron grad-
ing, threshold R2* values were gener-
ated (Table 1). These results showed
improved specificity, accuracy, and
AUC (receiver operating characteristic
analysis) for liver iron quantification by
using multipeak reconstruction in the
presence of liver fat. The improvement
in AUC when multipeak reconstruction
was used was statistically significant for
distinguishing iron grade 0 from iron
grades 1-3.

Figure 5, A, shows the apparent
fat fraction measured by using both
single- and multipeak modeling of fat
plotted against the histologic steatosis
grade from all 97 biopsy samples. For
both methods, excellent correlation was
observed compared with histologic re-
sults when regressed to an exponential
curve. Good correlation was observed
for both groups (Spearman correlation
coefficients of r; = 0.848 for single-peak
model and ry = 0.849 for a multipeak
model).

Figure 5, B, plots fat fractions
measured by using single-peak model-
ing compared with multipeak model-
ing. Excellent correlation (r*> = 0.999)
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Figure 1

Steatosis grade 0

Steatosis grade 3

Figure 1:

Multi-Peak R2* Map

Two women, aged 56 (top row, patient A) and 72 (bottom row, patient B) years with increased

liver enzymes who underwent nontargeted liver biopsy. In both patients, histologic results showed no liver
iron overload, but steatosis grade was 3% in patient A and 80% in patient B. R2* maps were calculated by
using single-peak (left column) and multipeak (right column) modeling of fat. Patient A showed no changes
in apparent R2* values because she had little liver fat. Patient B had elevated liver fat and apparent R2*
increase, which could lead to the incorrect conclusion that patient B had iron overload. With multipeak mod-
eling of fat, apparent R2* values of both patients returned to more reasonable values. Note high apparent
R2* in subcutaneous tissue of both patients in single-peak modeling images.

100
Single-Peak Model °
75
W
=
25
0 -
T T T T
0 1 2 3

Steatosis Grade

100 B
Multi-Peak Model
751
2 50
Py 0
@
é] = -
25 % .
3
Oa
I T T I
0 1 2 3

Steatosis Grade

Figure 2:  Box and whisker plots of apparent R2* values measured in 71 patients without liver iron overload
by using A, single-peak and, B, multipeak modeling of fat. Marked increase in apparent R2* is shown, with
increasing steatosis grade when single-peak modeling of fat was used (P < .001). With multipeak modeling
of fat, no differences in R2* values were observed with increasing steatosis grade (P = .645).

between the two models was observed.
However, there was disagreement be-
tween the two methods evidenced by a
slope (= standard deviation) of 0.89 =
0.001 (P < .001) and an intercept of

—0.03% = 0.018 (P = .104). The slope
was statistically different from 1.0 (P
< .001), although the intercept was
not statistically different from 0.0 (P =
.104). Overall, this indicates statistical

disagreement between the fat fraction
measurements obtained by using the
two models of fat signal.

On the basis of histologic steatosis
grading, threshold values for fat frac-
tion were generated (Table 2). Com-
pared with histologic results, different
calibrations with different threshold fat
fraction values were observed for each
model. However, because of this linear
relationship between fat fraction mea-
sured with single-peak and multipeak
models, the sensitivity, specificity, ac-
curacy, and AUC were the same in all
steatosis grades.

In our study, we have investigated the
effect of multipeak spectral modeling
of fat on the quantification of liver R2*
values as a measure of liver iron over-
load and of liver fat fraction in combina-
tion with three-echo three-dimentional
gradient-echo acquisition. Our data
show that, unless it is accounted for in
the signal model, the spectral complex-
ity of the fat signal introduces errors in
R2* measurement because the multiple
peaks introduce additional modulations
in the measured signal that manifest
as erroneous increases in the apparent
R2*. Errors in R2* occured even when
in-phase echo times (as performed in
our study) were used because only the
main methylene fat peak was in phase
with water at those times, but the re-
maining fat peaks had accrued addi-
tional phases with respect to water and
methylene protons. In other words, the
only true “in-phase” echo time occured
when echo time was 0 msec for gra-
dient-echo imaging. For these reasons,
the use of single-peak modeling results
in errors in R2* quantification in the
presence of high fat concentration.

When multipeak modeling was
used, there was no dependence on the
apparent R2* with steatosis grading,
and the observed values of R2* agreed
with expected values of R2* from the
literature (36). These observations in-
dicate that multipeak modeling of fat
results in improved agreement between
R2* and liver iron, particularly when fat
is present.
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Liver iron overload introduces mi-
croscopic magnetic field inhomogene-
ities and can be indirectly detected by
using MR imaging (18). One accepted
method for quantifying the liver iron
concentration is R2* relaxometry, which
was used in this study. Compared with
other MR-based iron quantification
techniques, such as signal-intensity ratio
based on T2* or T2 weighted imaging
(37-39) or R2 relaxometry based on T2
weighted imaging (40-42) R2* relax-
ometry is more sensitive to iron effects
throughout the entire diagnostic range
of liver iron concentration and can be
acquired in a single breath hold (43,44).

Our results confirmed that fat
confounds the ability of gradient-echo
methods to quantify R2* when con-
ventional multiecho imaging methods
are used. Our work also demonstrated
how the effects of fat on R2* mea-
surements can be mitigated by using
multipeak spectral modeling of the fat
signal. Thus, it is important to use the
multipeak fat model to obtain fat-inde-
pendent R2* values and accurate iron
quantification.

Previous studies that used chemical
shift-based methods with T2* correc-
tion and multipeak spectral modeling
showed excellent agreement with spec-
troscopy for quantification of liver fat
(19-21). These studies demonstrated
that, when multipeak spectral modeling
of fat was used, MR imaging could ac-
curately measure the proton density fat
fraction. The proton density fat fraction
is a fundamental property of tissue, and
is defined as the ratio of unconfounded
fat signal and the sum of unconfounded
water and fat signal. For a protocol to
be independent of both the platform
and imaging parameters (ie, robust)
it is essential to correct for all known
confounding factors, such as T2*, T1,
and the spectral complexity of fat. If all
confounding factors are not addressed,
apparent fat fraction may depend on im-
aging parameters such as the number of
echoes, echo spacing, repetition time.

Our study results demonstrated ex-
cellent correlation between apparent
fat fraction measured with MR imag-
ing and biopsy results by using both
the single-peak and multipeak models.

Figure 3

R2*=232s"

-1 B
051 v B

- e TR T

Figure 3: R2* maps (left) estimated by using multipeak modeling of fat in four patients with different
grades of liver iron overload and corresponding images at histologic examination (right) obtained by using
Perl’s Prussian blue stain (magnification, X 400). Excellent correlation between R2* values and histologic iron

grades was observed.

Furthermore, we demonstrated ex-
cellent correlation between apparent
fat fractions measured by using both
fat models (r* = 0.999). However, we
also demonstrated statistically signif-
icant disagreement between the two
reconstruction methods. For this rea-
son, we must conclude that at least
one (or both) of the measurements

(single-peak-or multipeak model) does
not accurately measure proton den-
sity fat fraction. Given previous vali-
dation of multipeak spectral modeling
to measure proton density fat fraction,
and also the need for multipeak model-
ing of fat for R2* quantification in this
work, we concluded indirectly that fat
fraction measurements made without
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Table 1

MR Imaging R2* Values Compared with Histologically Determined Iron Grades

Liver Iron Grade Patients ~ R2* Threshold  Sensitivity' Specificity Accuracy! AUCH
Without steatosis (grade 0)
0to = 1 (single peak) 46 46.0 sec™! 100 (11/11) [69.5, 100] 100 (35/35) [88,100] 100 (46/46) [90.6,100] 1
0to = 1 (multipeak) 46 439'sec! 100 (11/11) [69.5,100] 100 (35/35) [88,100] 100 (46/46) [90.6,100] 1
With and without steatosis
(grade 0-3)
0to=1(singlepeak) 97 44.3 sec ! 96 (25/26) [79.3,100] 87 (62/71) [77.3, 93] 90 (87/97)[81.8,94]  0.93 (0.03) [0.86, 0.96]°
0to = 1 (multipeak) 97 41.0 sec™! 96 (25/26) [79.3, 100] 99 (70/71) [91.6, 100] 98 (95/97) [92.2, 100] 0.99 (0.01) [0.94, 0.99] §
0—1 (single peak) 86 44.3 sec™! 100 (15/15) [75.7, 100] 87 (62/71) [77.3, 93] 90 (77/86) [81, 94.5] 0.91 (0.05) [0.75, 0.97] §
—1 (multipeak) 86 41.0 sec™" 100 (15/15) [75.7,100] 99 (70/71)[91.6,100] 99 (85/86) [93, 100] 0.99 (0.01) [0.52, 0.99] §
-2 (single peak) 21 64.8 sec ! 83 (5/6) [41.6, 98.4] 87 (13/15) [60.6, 97] 86 (18/21) [64.3,96]  0.767 (0.13) [0.45, 0.93]
—2 (multipeak) 21 62.5sec™! 83 (5/6) [41.6, 98.4] 93 (14/15) [67.8, 100] 90 (19/21) [69.6, 98] 0.80 (0.11) [0.48, 0.95]
2—3 (single peak) 11 74.2 sec™! 80 (4/5) [35.9, 97.5] 67 (4/6) [29.6, 90] 73 (8/11) [42.8,90.5] 0.87 (0.12) [0.46-0.98]
-3 (multipeak) 11 70.1 sec™" 80 (4/5) [35.9, 97.5] 67 (4/6) [29.6, 90] 73(8/11)[42.8,90.5]  0.87 (0.12) [0.46, 0.98]

Note.—After exclusion of all patients with steatosis grades of 1 or more (first rows), there were no significant differences of AUC, and excellent sensitivity, specificity, accuracy were observed when
single-peak and multipeak reconstruction were used for histologically determined iron grade 0 to = 1. In comparison, there was a significant difference in AUC for single-peak reconstruction if samples
with fat were included (P = .005). Iron quantification with R2* mapping is confounded by the presence of fat when single-peak reconstruction is used. Threshold values for different histologic iron

grades are defined in the third column.

t Data are percentages, with numerator and denominator in parentheses and 95% confidence interval in brackets.
* Data in parentheses are standard error, with 95% confidence interval in brackets.

§ Indicates a statistically significant difference, P < .05.
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Figure 4:  Box and whisker plots of apparent R2* measured in all 97 biopsy samples compared with his-

tologic iron grading, for, A, single-peak and, B, multipeak modeling of fat. Results show excellent correlation
with iron grading. However, there were several outliers when single-peak modeling of fat was used. In most
cases, outliers were caused by erroneous R2* measurements in the presence of high liver fat: patients 1

(95% fat), 2 (85% fat), 3 (80% fat [shown in Figure 1b]), and 4 (80% fat). Range of R2* values was different
between the two reconstructions (particularly for iron groups 1 and 2) and was caused by overestimation of

R2* in patients with high liver fat when single-peak modeling of fat was used.

multipeak modeling of fat do not ac-
curately measure the proton density
fat fraction. The calibration between
fat fraction and steatosis grade and
the generated threshold values for
MR imaging fat fraction and steato-
sis grades measured with single-peak
reconstruction are only valid for the
particular protocol used in this study.

Furthermore, we expect, although
have not shown rigorously, that the
calibration curve measured by using
multipeak spectral modeling should be
robust (ie, independent of imaging pa-
rameters and broadly applicable). Fur-
ther studies are needed to investigate
the robustness of these methods with
changes in imaging parameters.

This study had several limitations.
First, study population had a
limited number of patients with both el-
evated fat and iron. A second limitation
of this study was the use of biopsy re-
sults as the reference standard for liver
fat quantification, given the known sam-
pling variability of biopsy. Third, in this
study we calculated R2* values from a
multiecho sequence by using only three
echoes. R2* quantification may be
more accurately performed by using a
gradient-echo sequence with more than
three echoes. Fourth, the thresholds
for R2* presented in Tables 1 and 2 de-
pended on how histologic grades were
dichotomized; as a consequence, they
may have been based on small samples,
and would require further validation
before they can be considered suffi-
ciently robust for clinical use.

In conclusion, large systematic errors
in R2* estimation with the potential for
misdiagnosis of iron overload can occur
if the spectral complexity of the fat signal
is not considered, even when using in-
phase echoes. Thus, multipeak modeling
of fat improves the agreement between
R2* and liver iron in the presence of liver
fat. Furthermore, single-peak modeling

our
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Table 2

Fat Fraction Thresholds Compared with Histologically Determined Liver Fat Grades

Fat Fraction

Liver Fat Grade Patients  Threshold* Sensitivityt Specificity’ Accuracy® AuC*
0to =1 (single peak) 97 45 84 (43/51) [71.6, 90] 100 (46/46) [90.6, 100) 92 (89/97) [84.3, 95.9] 0.95 (0.03) [0.87,0.98]
0to =1 (multipeak) 97 51 86 (44/51) [73.9, 93.4] 100 (46/46) [90.6, 100] 93 (90/97) [85.5, 96.7] 0.95 (0.03) [0.87, 0.98]
0-1 (single-peak) 84 45 79 (30/38) [63.3, 89.1] 100 (46/46) [90.6, 100] 90 (76/84) [82.0, 95.3] 0.93 (0.03) [0.84, 0.97]
0-1 (multipeak) 84 5.1 82(31/38) [66.2,91.0] 100 (46/46) [90.6, 100] 92 (77/84) [83.5,96.10]  0.93 (0.03) [0.84, 0.97]
1-2 (single peak) 45 12.4 71 (5/7) [35.2, 92.1] 100 (38/38) [88.8,100] 96 (43/45) [84.2,99.5]  0.95 (0.06) [0.63,0.99]
1-2 (multipeak) 45 14.0 71 (5/7) [35.2,92] 100 (38/38) [88.8, 100] 96 (43/45) [84.2,99.5] 0.95 (0.06) [0.63, 0.99]
2-3 (single peak) 13 24.9 100 (6/6) [55.2, 100] 86 (6/7) [46.4,99.1] 92 (12/13) 64.2, 100.0] 0.93 (0.08) [0.54, 0.99]
2-3 (multipeak) 13 28.0 100 (6/6) [55.2, 100] 86 (6/7) [46.4,99.1] 92 (12/13) [64.2, 100] 0.93 (0.08) [0.54, 0.99]

Note.—No differences in sensitivity, specificity, accuracy, and AUC in liver fat quantification were observed when single-peak and multipeak reconstruction were used. However, the thresholds of the
MR imaging fat fraction were different between the models. Threshold MR imaging fat fraction values for different steatosis grades measured with single-peak reconstruction are only valid for the

particular protocol and device used in this study.
* Data are percentages.

1 Data are percentages, with numerator and denominator in parentheses and 95% confidence interval in brackets.
* Data in parentheses are standard error, with 95% confidence interval in brackets.

R2: 0.999
slope: 0.889 + 0.001
intercept: -0.030 + 0.018
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Figure 5:  Scatterplot A shows fat fraction calculated by using single-peak (red circles) and multipeak (black circles) modeling
of fat plotted against steatosis grades from biopsy specimens. Excellent correlation is seen between both reconstruction
methods and histologic results when an exponential function is used. In scatterplot B, direct comparision of fat fraction mea-
sured by using single- and multipeak reconstruction shows excellent correlation (2 = 0.999). Disagreement is shown between
the two methods with a slope and intercept that are statistically different from 1.0 (P = .001) and not statistically different from

0.0 (P=.104), respectively.

of fat leads to underestimation of liver fat
relative to multipeak fat spectral model-
ing. By using multipeak modeling of fat,
it is possible to perform simultaneous
quantification of liver fat concentration
and liver iron concentration throughout
the entire liver from only three echoes in
a single breath hold.
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