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S�onia I. Gonçalves, PhD, Cristina Marques, MD, Manuela Carvalheiro, MD, PhD,

Carlos F. G. C. Geraldes, PhD, Filipe Caseiro-Alves, MD, PhD
Ac

Fr
Ex
Po
Un
Fa
A.
Un
Sc
Ce
M
33
dr

ª
ht
Rationale and Objectives: To assess the performance, postprocessing time, and intra- and interobserver agreement of a simple

magnetic resonance–based mapping technique to quantify liver fat.

Materials andMethods: This prospective, single-center study included 26 patients who were overweight with type 2 diabetes and at risk

for nonalcoholic fatty liver disease. Mapping of the liver was based on a triple echo gradient-echo sequence, and 1H magnetic resonance
spectroscopy was used as the reference standard. The nonparametric Spearman correlation coefficient and the Wilcoxon test were used

for comparisons betweenmapping and spectroscopy. The mapping was assessed for its predictive performance using the area under the

curve of a receiver operating characteristic curve. Intraclass correlation coefficients were used to calculate intra- and interobserver’s
agreement for mapping measurements.

Results: Patients had a mean fat percentage of 11.7% (range, 2–35.4%). A strong correlation was seen between mapping and spec-

troscopy (r = 0.89, P < .0001). A cutoff of 6.9% for fat fraction mapping was found to diagnose steatosis with 93% sensitivity and
100% specificity with an area under the curve of 0.99. Mapping of the liver had shorter acquisition and post-processing times

than spectroscopy (5 min vs. 38 min; P < .0001). Mapping measurements had an intra- and interobserver agreement of 0.98 and

0.99, respectively.

Conclusions: The magnetic resonance–based liver mapping can accurately quantify liver fat with a cutoff value of 6.9% and excellent
intra- and interobserver agreement. This mapping technique, with its simplemethodology and short postprocessing time, has the potential

to be included in routine abdominal protocols.
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N
onalcoholic fatty liver disease is being increasingly

recognized as a disease associated to liver-related

morbidity and even mortality in the western coun-

tries. Its prevalence has been rising in the past two decades

to become the leading cause of chronic liver disease, being

closely associated to insulin resistance and type 2 diabetes

(1,2). This chronic liver disease includes not only bland

steatosis but also steatohepatitis, which can progress to

fibrosis, cirrhosis, and ultimately hepatocellular carcinoma
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(2). Although early stages of liver steatosis may be reversible,

patients can progress to nonalcoholic steatohepatitis even

without any proven inflammation or cell injury (3–6). Liver

biopsy is the current gold standard for diagnosing

nonalcoholic fatty liver disease and quantifying liver fat.

However, its invasive nature limits the use for screening or

follow-up of nonalcoholic fatty liver disease patients (7).

Alternative noninvasive imaging methods, such as magnetic

resonance spectroscopy (MRS) and multiecho ($6 echos)

gradient-echo imaging with or without fat spectral modeling,

have been used to accurately quantify liver fat (8–12).

However, they are time-consuming and require the use of

extensive logarithmic calculations. Yokoo et al (9,10) have

recently found no significant differences between triple

echo gradient-echo imaging and the more complex methods

for fat quantification. Therefore, the purpose of our study was

to 1) assess the performance and specific cutoff value of a sim-

ple MR-based mapping technique for liver fat quantification

at 1.5-T in patients at risk for nonalcoholic fatty liver disease,

2) quantify the time it can add to routine clinical practice

abdominal protocols and 3) assess its intra- and interobserver

reproducibility.
957

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:helenasleitao@zonmail.pt
http://dx.doi.org/10.1016/j.acra.2013.05.004


LEIT~AO ET AL Academic Radiology, Vol 20, No 8, August 2013
MATERIALS AND METHODS

Study Design and Patients

This prospective, single-center study was approved by the

review board at our institution and written informed consent

was obtained for all patients. Between May 2010 and June

2011, a screening program was initiated at the department

of endocrinology using the following inclusion criteria: age

18 years and older, overweight with type 2 diabetes, at risk

for nonalcoholic fatty liver disease, and absence of a clinical

history or biochemical data consistent with hepatitis, cirrhosis,

or hemochromatosis. A total of 32 patients were initially

included in the study protocol that consisted of liver MR

imaging at 1.5-T (Magnetom Symphony, Siemens Health-

care, Erlangen, Germany), using a four-element surface coil,

performing triple echo gradient-echo T1-weighted MR

imaging, from which the fat fraction mapping was processed,

and 1H MRS, used as the reference standard. Six patients

were excluded for the following reasons: two patients because

of technical failure during the MRS acquisition, two had

uninterpretable spectra, and two missed the scheduled MR

imaging. The final study population consisted of 26 patients,

6 men and 20 women, with a mean age of 47 years (range,

28–70 for women; 25–55 years for men). The mean body

mass index was 36.2 kg/m2 (range, 25–44 kg/m2 for women;

33–48 kg/m2 for men).
Magnetic Resonance Imaging

1HMRS. Single-voxel liver spectroscopy was performed with

a 30 mm � 30 mm � 30 mm voxel (27 mL). Spectra were

acquired with the use of point-resolved spectroscopy sequence

during free breathing. Water suppression was not performed.

To minimize T1 effects, repetition time was set at 3000 ms.

To correct for T2 effects, five average spectra were collected

at echo times 20, 30, 40, 50, 60, and 80 ms. Other parameters

were receiver bandwidth 2000 Hz and 2048 point spectral

resolution. Automated optimization of gradient shimming

was followed by manual adjustment of the central frequency,

and spectra were used only if full width at half maximumwater

peak was 40 Hz or less. The total acquisition time was

3 minutes, 6 seconds. A region of interest containing a tissue

volume of 27 mL was placed in one segment of the right liver

at least 10 mm from the edge of the liver, avoiding vessels or

focal lesions, by a radiologist with 5 years of experience in

MR abdominal imaging. The 1H MRS data were analyzed

with the spectroscopic analysis package jMRUI (A. van

den Boogaart, Catholic University, Leuven, Belgium). We

measured the water peak (H2O) at 4.7 ppm and the methylene

peak (CH2) at 1.3 ppm (13). T2 relaxation for water and

methylene were determined from their integral values, at

each echo time, by using a standard least-squares fitting

algorithm with the following equation (12):

AðtÞ ¼ A0$e
ð�t=T2Þ [1]
958
where A is the integral value at time t and A0 is the integral

value at time 0.

The peak areas of water and methylene corrected for T2

effects (A0 H2O and A0 CH2) were used to calculate liver fat

fraction with the following equation (12):

%FF ¼ 100$A0 CH2=ðA0 CH2 þ A0 H2OÞ

We used the 5.56% value proposed by Szczepaniak et al (8),

as a threshold for the upper normal limit of liver fat. Time

required for postprocessing the MRS data were registered in

each patient.

Fat fraction mapping (FFM). AT1-weighted two-dimensional

triple echo gradient-echo sequence was initially acquired

with a repetition time/echo time 164/4.6 ms (in phase1,
IP1), 7.27 ms (opposed phase, OP), 9.98 ms (in phase2,
IP2), matrix 192 � 256 pixels, 390 mm field of view (provid-

ing a pixel size of 2.0 � 1.5 mm), slice thickness 6 mm, and

20� flip angle to correct for the T1-weighting effect. The

acquisition time was 35 seconds. The final liver fat fraction

mapping images were acquired on an automated pixel-by-

pixel basis and computed in a postprocessing workstation

(Leonardo, Siemens Healthcare, Erlangen, Germany) using

its basic mathematical functions as follows: 1) images repre-

senting the IP signal intensity (SI) were corrected for T2*

decay (SIIPco) using the arithmetic mean function, where

SIIPco = (IP1 + IP2)/2; 2) OP images (SIOP) were subtracted

from the previously obtained SIIPco images (SIIPco � SIOP);

3) the final fat fraction mapping images were obtained by

dividing the (SIIPco � SIOP) images by SIIPco images, and

applying a scaling factor of 50%, as previously reported

(14). A circular region of interest of 2–3 cm2 was manually

placed by a radiologist blinded to spectroscopy results at

the right liver lobe, visually matching the anatomical location

of the spectroscopic region of interest and avoiding vessels

or focal lesions. The region of interest drawn in the liver

mapping provided an immediate percentage result of the

fat content in that area (Figs 1 and 2). A similar volume-

matched region of interest was placed in the spleen to serve

as internal reference for technical consistency. All FFM

were repeated 1 week later to assess intraobserver reproduci-

bility by a radiologist with 5-year experience in MR

abdominal imaging. Ten cases were randomly selected to

assess interobserver reproducibility, which was performed

by one radiologist with 2-year experience in MR abdominal

imaging. The latter was previously taught to postprocess

the IP/OP images to obtain the fat fraction mapping in

half an hour. Time required for postprocessing the FFM

was registered for each patient.

Statistical analysis. In this prospective study an a priori power

analysis was performed to obtain a significance of 0.05

and a power of at least 80%. Previous reports in the literature

for the prevalence of liver steatosis and mean liver fat content

in a similar population were used for that purpose (11,15).



Figure 2. (a) 1H magnetic resonance

spectra and (b) liver fat fraction mapping

of a 40-year-old patient with type 2 diabe-
tes and severe steatosis. (a) Liver fat

content was 26.7%. (b) Liver fat is clearly

visible on the mapping, as the liver is

hyperintense compared to the spleen.
Measurements in the liver (1) and spleen

(2) provide fat fraction within regions of

interest (25.5% and 1.3%, respectively).

Figure 1. (a) 1H magnetic resonance

spectra and (b) liver fat fraction mapping

of a 67-year-old patient with type 2 diabe-

tes. (a) Liver fat content was 5.7%.
(b) Region of interest (1) positioned in the

liver directly provides the respective fat

fraction value of 6.7%. Liver signal is only

slightly more intense compared to the
spleen (internal reference standard).
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A minimum number of 21 patients had to be included in

our study.

The correlation between the FFMmeasurements andMRS

was assessed using the nonparametric Spearman rank correla-

tion coefficient (r). The evaluation of bias was done using the

95% limit-of-agreement method developed by Bland and

Altman (16), in which the difference between fat content

measured by two methods is plotted against their mean.

The performance of the fat fraction mapping was assessed

by plotting the true-positive rate in function of the false-

positive rate for different cutoff points, which allowed

calculating the area under the curve of a receiver operating

characteristic curve and determining the cutoff value for the

technique. The difference in acquisition and postprocessing

times between both methods was assessed using the nonpara-

metricWilcoxon test. Intra- and interobserver reproducibility

was calculated using intraclass correlation coefficients. A P

value # .05 was considered statistically significant. Statistical

analysis was performed with theMedCalc software (MedCalc,

Mariakerke, Belgium) and GraphPad software (GraphPad,

San Diego, CA).
RESULTS

In this patient cohort a mean fat percentage of 11.7% (range,

2–35.4%) was obtained using the FFM technique corres-
ponding to 9.8% (range, 0.8–30%) using MRS (Table 1).

A strong correlation was found between both methods

(r = 0.89, P < .0001). On the Bland-Altman plot, 25 of the

26 fat measurements were within �4.2% of the mean differ-

ence of both methods (2%) (Fig 3). Using the reference

threshold proposed by Szczepaniak et al (8) for MRS, we

found that a cutoff value of 6.9% for FFM provided an accu-

rate diagnosis of fat content with 93% sensitivity and 100%

specificity. The area under the curve for FFM was 0.99.

The spleen was used as our internal reference and all spleen

measurements had a fat content #1.5% (Fig 2). Median

postprocessing and reading time was 5 minutes (range,

5–15 minutes) for FFM and 35 minutes (range,

30–50 minutes) for MRS (P < .0001). Intraclass correlation

coefficients for intra- and interobserver agreement were

0.98 (95% CI, 0.96–0.99) and 0.99 (95% CI, 0.97–0.99),

respectively.
DISCUSSION

In this prospective, single-center study, we have assessed

the performance, postprocessing time, and intra- and

interobserver agreement of an MR-based mapping for

liver fat quantification using a triple-echo gradient-echo

sequence for T2* correction. Our results show that this

mapping can accurately provide liver fat quantification
959



TABLE 1. Fat Fraction Measurements with FFM and MRS in
the 26 Patients

Fat Fraction Mapping (%)

Magnetic Resonance

Spectroscopy (%)

4.8 1.2

2.8 0.8

2.6 0.8

27.4 28.6

4.5 1.2

35.4 30

15.7 14.2

2.0 1.0

6.7 5.7

12.0 7.0

15.9 15

10.8 7.3

3.0 1.0

20.8 21.7

25.5 26.7

12.6 10.8

6.9 3.1

2.5 1.0

5.3 1.3

11.4 10.3

16.8 20.5

6.7 1.6

2.2 0.8

6.8 4.4

31.7 29.3

12.0 11.0

Figure 3. Bland-Altman plot representing the difference between

liver fat fraction (FF; %) estimated with magnetic resonance spectro-

scopy (MRS) and mapping (measured by observer 1 at one time
point) plotted against their means. Only one FF measurement was

not within the �1.96 standard deviation (SD) of the mean for both

methods, but all FFmeasurements stayedwithin the uppermaximum

and lower minimum 95% limit of agreement.
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within a short postprocessing time with excellent intra-

and interobserver agreement. The cutoff value of 6.9%

for the mapping method was found to have the best sensi-

tivity and specificity to diagnose patients with and without

liver fat deposition. Histological assessment of liver biopsy

is considered the reference standard for the diagnosis of

steatosis but its use for screening or follow-up studies

remains impractical because of its invasive nature. More-

over, it is subjected to important sampling errors because

liver steatosis is a heterogeneous process often associated

with spared areas that may be related, among other rea-

sons, to vascular abnormalities (17). The noninvasive

quantification of liver fat has been made possible by the

use of magnetic resonance imaging with either 1H MRS

or multiecho gradient-echo sequences. However, spectro-

scopy has limited spatial coverage and requires substantial

expertise for its implementation and analysis, and the mul-

tiecho sequences ($6 echos) require the use of equations

with increasing complexity and additional analysis software

to measure fat content (9,18,19). Recently, good

agreement of fat fraction measurements between MRS

and triple echo gradient-echo imaging over a wide range

of fat content was reported (9). The FFM technique

used in our study also showed very good correlation

with MRS, although the correlation coefficient was lower
960
than previous reports (�0.98) (14). This may probably be

explained by two factors: first, because of technical limita-

tions at 1.5 T, we assumed a simplified fat spectrum con-

sisting of a single methylene peak at 1.3 ppm (13),

whereas gradient-echo magnetic resonance imaging

includes signals from all fat peaks. Second, T2* effect

was corrected assuming a linear T2* decay between the

two IP echoes, as previously observed by Guiu et al. (14)

However, to ensure that no bias from T2* decay influ-

enced our measurements, we used the first two closely

spaced IP echo times to obtain the IP-corrected signal.

These two IP echo times have superior signal-to-noise

ratio and are less influenced by fat-fat interference. We

are aware that the FFM technique does not solve the prob-

lem of fat-water ambiguity because subcutaneous fat will

show values of 8–12%, when the real fat fraction is

obtained subtracting this value from 100%. However, liver

fat fractions higher than 50% are very uncommon in the

liver parenchyma (8,9,11,15). The highest fat fraction

measured in the present study was 35.4%. When

performing visual assessment of the map, liver fat is

hyperintense compared to the spleen, our internal

reference. The spleen does not contain visible fat on

magnetic resonance imaging (MRI) except in cases of

lipid storage disorders and after administration of

intravenous fat emulsions (14,20). Because splenic

measurements obtained for all patients were consistently

#1.5%, it allowed us to conclude about the good

reproducibility of the technique.

The Bland-Altman plot showed that the fat fraction

measurements for all patients, except one, were within

�4.2% of the mean difference of both methods. This is a

fairly reasonable value considering that quantification of
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liver fat by visual assessment on pathological specimens has

broader grading limits (21). The median time spent for

acquisition and postprocessing of 1H MRS in our study

was �38 minutes, which can at least be partially explained

by the lack of fully automated spectral analysis software.

However, the mean time spent to produce and analyze

FFM was only 5 min 35 seconds, which makes the techni-

que a realistic choice to incorporate in a busy clinical

setting.

Compared to previous studies that only assessed the agree-

ment of the mapping technique with respect to an imaging

gold standard (11,14), we have determined its cutoff value

and intra- and interobserver reproducibility. Using 6.9% as

a cutoff value can accurately distinguish patients with and

without liver steatosis. Furthermore, in our work excellent

intra- and interobserver reproducibility were observed and

we believe that this is an additional reason to apply FFM

as a potential biomarker for liver steatosis quantification.

The clinical relevance of FFM must be considered

especially in the setting of longitudinal population-based

epidemiologic studies, because recent studies have reported

a 5% prevalence of fatty liver in the general pediatric popu-

lation, 38% in obese children, and 48% in children having

type 2 diabetes (22).

Our study has limitations: first, steatosis quantification was

not confirmed by histology because performing liver biopsy

in asymptomatic patients is not ethically justified, and may

be underrepresentative because only 1/50,000 of the organ

is actually analyzed (21); second, the absence of liver iron

overload was not histologically verified but it must be stressed

that the present series was composed of patients only at risk for

nonalcoholic fatty liver disease, without clinical or biological

evidence of iron overload; third, we were not able to test the

longitudinal reproducibility of FFM because each patient was

submitted to a single MR session for each quantification

technique.

In conclusion, FFM is a simple and accurate technique for

liver steatosis quantification. Because it can be performed in a

short time frame, it can potentially be included in routine liver

studies dealing with this clinical problem, especially in the

setting of large longitudinal population-based epidemiologic

studies.
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