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To compare the diagnostic performance of ultrasonography
(US), computed tomography (CT), T1-weighted dual-echo
magnetic resonance (MR) imaging, and point-resolved pro-
ton (hydrogen 1['H]) MR spectroscopy in the assessment
of hepatic steatosis in patients undergoing liver resection.

This prospective study was approved by the institutional re-
view board, and patients gave written informed consent. US,
CT, T1-weighted MR imaging, and 'H MR spectroscopy were
performed preoperatively in 46 patients. Imaging results
were correlated (Spearman correlation coefficient) with his-
topathologic analysis of results of intraoperative liver biopsies.
To assess differences between groups, one-way analysis of
variance was used. Sensitivity and specificity were calculated
for each imaging modality by using receiver operating char-
acteristic curve analysis, with a histopathologic cut-off value
of 5% macrovesicular steatosis. Differences in sensitivity and
specificity were assessed by means of McNemar analysis.

At histopathologic examination, 23 patients had no (0%-
5%) macrovesicular steatosis, 11 had mild (5%-33%), nine
had moderate (33%-66%), and three had severe (>66%).
MR imaging and "H MR spectroscopic measurements of
hepatic fat had stronger correlation with histopathologic
steatosis assessment (r = 0.85, P < .001 and r=0.86, P <
.001, respectively) than did US (r = 0.66, P < .001) and CT
(r=—0.55, P <.001). Only T1-weighted MR imaging and
'"H MR spectroscopy showed differences across steatosis
grades: none versus mild (P = .001 for both), mild versus
moderate (P < .001 for both), and moderate versus severe
(P = .04 and .01, respectively). Sensitivity of US, CT, T1-
weighted MR imaging, and 'H MR spectroscopy was 65%
(13 0f 20), 74% (17 of 23), 90% (19 of 21), and 91% (21 of 23),
respectively, and specificity was 77% (17 of 23), 70%
(14 of 20), 91% (20 of 22), and 87% (20 of 23), respectively.

In contrast to US and CT, T1-weighted MR imaging and
"H MR spectroscopy strongly correlate with histopatho-
logic steatosis assessment and are able to demonstrate
differences across steatosis grades. T1-weighted dual-
echo MR imaging and '"H MR spectroscopy had the best
diagnostic accuracy in depicting hepatic steatosis.
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onalcoholic fatty liver disease is

characterized by lipid accumula-

tion in the liver and affects up
to 30% of the Western population (1).
It is associated with obesity, diabe-
tes, and metabolic syndrome (2). The
prevalence of nonalcoholic fatty liver
disease is expected to increase due to
the current obesity epidemic (3). Non-
alcoholic fatty liver disease represents a
disease spectrum that ranges from sim-
ple hepatic steatosis to steatohepatitis
to fibrosis and cirrhosis. Ultimately this
can lead to end-stage liver failure, with
subsequent need for a liver transplant,
or the development of hepatocellular
carcinomas (4). Nonalcoholic fatty liver
disease has also been recognized as a
risk factor in patients undergoing liver
surgery (5,6).

Currently, the reference standard
for hepatic steatosis assessment is his-
topathologic analysis of a liver biopsy
(7). This is an invasive procedure with
the potential of complications. Liver bi-
opsy is also prone to sampling error and

Advances in Knowledge

B T1-weighted dual-echo MR imag-
ing and '"H MR spectroscopy
strongly correlate with histo-
pathologic steatosis assessment
(r = 0.85 and 0.86, respectively).

B T1-weighted dual-echo MR imag-
ing and '"H MR spectroscopy had
the best diagnostic accuracy
(91% [39 of 43] and 89% [41 of
46], respectively) in detecting
hepatic steatosis, with acceptable
sensitivity (90% [19 of 21] and
91% |21 of 23], respectively) and
specificity (91% [20 of 22] and
87% [20 of 23], respectively).

B Compared with US (accuracy,
71% |30 of 42]; sensitivity, 65%
[13 of 20]; specificity, 77% [17
of 22]) and CT (accuracy, 72%
[31 of 43]; sensitivity, 74% [17
of 23]; specificity, 70% [14 of
20]), T1-weighted dual-echo MR
imaging and "H MR spectroscopy
are superior in assessment of
hepatic steatosis and grading
steatosis.

interobserver variability (8,9). Further-
more, the determination is semiquan-
titative. Consequently, there is a need
for noninvasive diagnostic tools for the
detection and quantification of steatosis
and monitoring.

To date, several imaging techniques
are used to detect hepatic steatosis: ultra-
sonography (US), computed tomography
(CT), magnetic resonance (MR) imaging,
and proton (hydrogen 1['H]) MR spec-
troscopy (10). US is a widely available
and low-cost technique. However, US is
not cuantitative, is inaccurate in obese
patients (11), and is not useful in detec-
tion of low levels of steatosis (12,13). CT
is accurate in a semicquantitative diagnosis
of macrovesicular steatosis of 30% or
greater (14), but its use for monitoring
treatment response is somewhat lim-
ited due to exposure to ionizing radia-
tion. MR imaging is performed by using
gradient-echo chemical shift imaging
(Dixon method), either as a readily avail-
able T1-weighted dual echo, triple echo,
multiecho, or multiinterference (15,16).
"H MR spectroscopy is considered the
most sensitive noninvasive modality for
the detection of hepatic fat (17) and has
shown good reproducibility (18). How-
ever, in most centers, "H MR spectros-
copy remains largely a research tool.

Authors of some studies have com-
pared imaging modalities to assess
steatosis, and findings showed strong
significant correlation between MR im-
aging and '"H MR spectroscopy (r =
0.96-0.99) and between 'H MR spec-
troscopy and CT (r = 0.83). However,
these results were not compared with
liver biopsy results (19-22). Other stud-
ies however did compare imaging mo-
dalities with histopathologe studies
and showed substantial variation in
correlations (23-28).

To our knowledge, no head-to-head
comparative study of US, CT, T1-weighted
dual-echo MR imaging, and 'H MR

Implication for Patient Care

B T1-weighted dual-echo MR imag-
ing and '"H MR spectroscopy are
the preferred imaging techniques
for noninvasive assessment of
hepatic steatosis.

spectroscopy with use of readily avail-
able methods has been performed and
compared with the reference standard
histopathologic analysis. Therefore, the
purpose of this study was to compare
the diagnostic performance of US, CT,
T1-weighted dual-echo MR imaging, and
point-resolved 'H MR spectroscopy in
the assessment of hepatic steatosis in
patients undergoing liver resection.

Materials and Methods

A research grant was received from the
Nuts Ohra Foundation (Amsterdam,
the Netherlands). The Nuts Ohra Foun-
dation was not involved in designing
and conducting this study, did not have
access to the data, and was not involved
in data analysis or preparation of this
manuscript.

Study Design and Patients

This prospective study was approved by
the institutional review board. All pa-
tients gave written informed consent.
No conflicts of interested were noted.
From November 2007 through
March 2009, all patients 18 years of age
and older who were scheduled to un-
dergo a liver resection were consecu-
tively invited to participate in this study.
The main indications for liver resec-
tion were colorectal metastases in 48%
(22 of 46) of patients, adenoma in 15%
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(seven of 46), and cholangiocarcinoma
in 13% (six of 46) (Table 1). Demographic
characteristics and body mass index
were recorded. Exclusion criteria were
pregnancy, acute liver resection, and
MR contraindications. No patients were
excluded. Patients underwent preop-
erative abdominal US, CT, T1-weighted
MR imaging, and "H MR spectroscopy
for the detection of hepatic steatosis.

Imaging Techniques

US examination.—US was performed
with an iU22 (Philips Healthcare,
Best, the Netherlands) device by using
a 2-5-MHz probe or an Elegra (Siemens
Healthcare, Erlangen, Germany) device
by using a 3.5-MHz probe. An experi-
enced abdominal radiologist (N.J.S.),
with more than 235 years of liver US
experience, blinded to other study re-
sults scored the degree of steatosis.
The reader did not undergo a training
session. Experience does not automati-
cally imply accurate grading of liver fat.
However, the observer routinely grades
liver steatosis to assess its severity.
On the basis of increasing echogenicity
of the liver parenchyma compared
with that of the right kidney and de-
creased visualization of the diaphragm
and intrahepatic vessel borders, steatosis
in each patient was graded as none

Table 1

Indications for Liver Resection

Indication for Liver Resection No. of Patients

Colorectal metastases 22 (47.8)
Adenoma 7(15.1)
Cholangiocarcinoma 6 (13.0)
Focal nodular hyperplasia 2 (4.3
Hepatocellular carcinoma 1(2.2)
Hemangioma 1(2.2)
Gallbladder carcinoma 1(2.2)
Mamma carcinoma metastasis 1 (2.2)
Melanoma metastasis 1(2.2)
Metastasis of neuroendocrine 1 (2.2)

tumor
Choledochal cyst 1
Stenosis ductus hepaticus 1
Intrahepatic bile duct stones 1(2.2)
Total 46 (

Note.—Data in parentheses are percentages.

(normal US liver structure), mild (slight
increase of echogenicity, normal visual-
ization), moderate (diffuse increase of
echogenicity, slight impaired visualiza-
tion), or severe (marked increase of
echogenicity, poor or no visualization)
(29,30).

CT examination.—Unenhanced CT
examinations were performed with
a Brilliance (Philips Healthcare) 64-
section scanner and the following pa-
rameters; 120 kV, 200 mAs with dose
modulation, collimation of 64 X 0.625,
section thickness of 3 mm, and an in-
crement of 3 mm. Data were processed
by a research fellow (J.R.v.W.) under
direct supervision of an experienced
abdominal radiologist (J.S., 15 years
of experience), blinded to the study
results. On three CT sections, four re-
gions of interest (ROIs) were drawn in
the liver (12 ROIs total) evenly distrib-
uted in the hepatic parenchyma, avoid-
ing tumor lesions and biliary, vascular,
and extrahepatic structures. ROI size
was 5 cm? and section selection was
based on the anatomy of the liver, usu-
ally in the middle section of the liver
(avoiding the cranial and caudal part
of the liver). Hepatic fat content was
measured by using mean liver attenu-
ation of all ROIs in the liver (31). To
assess the possible effect of heteroge-
neity of fat in the liver on the diagnostic
accuracy, we compared diagnostic per-
formance of CT in the left liver lobe to
that in the right liver lobe and within
the right lobe.

T1-weighted dual-echo MR imaging. —
A 3.0-T Intera MR imager (Philips Health-
care) with a six-channel torso coil was
used to obtain MR and 'H MR spectro-
scopic images during the same proce-
dure (imaging time, 30 minutes). T1-
weighted dual gradient-echo sequence
parameters were as follows: repetition
time msec/echo time msec, 150/3.5
(opposed phase), 6.9 (in phase); flip
angle, 75°; section thickness, 7.0
mm; 18 sections; field of view, 400
X 280 mm; breath hold, 15 seconds.
As was performed for CT, at three
different sections, ROIs were
drawn evenly distributed in the liver
parenchyma (12 ROls total), avoid-
ing other anatomic structures. ROI

four

location on CT and T1-weighted dual-
echo MR images was visually chosen
as accurately as possible on the same
position in the liver. The mean sig-
nal intensity values of all ROIs were
determined at the same locations for
in-phase and opposed-phase MR im-
ages. Mean fat fraction was calculated
by using the following equation (32):
SI, - SIOP/ZSITP, where SI, and SI, are
the mean liver signal intensity of all
ROIs on in-phase and opposed-phase
images, respectively. Data were pro-
cessed with ImageJ software (33) by
a research fellow (J.R.v.W.) under
direct supervision of an experienced
MR physicist (A.J.N., 5 years of expe-
rience), blinded to the study results.
Again, heterogeneity was assessed by
comparing diagnostic performance of
T1-weighted dual-echo MR imaging in
the left liver lobe to that in the right
liver lobe and within the right lobe.

TH MR spectroscopy.—A 20 X 20 X
20-mm voxel was positioned in the
right liver lobe. The voxel was placed
distant from the tumorous liver tis-
sue. Spectra were acquired by using
first-order iterative shimming and a
point-resolved spectroscopy sequence
(2000/35, 64 acquisitions). The water
and fat resonance peaks, located at
4.65 and 1.3 ppm, were fitted by using a
spectroscopic analysis package (JMRUL
A. van den Boogaart, Catholic University,
Leuven, Belgium) (34), and relative fat
content was expressed as a ratio of the
fat peak area over the cumulative water
and fat peak areas (1.3 ppm/[1.3 ppm
+4.65ppm]). Calculated peak areas of
water and fat were corrected for T2
relaxation (T2 =34 msec, T2 =68
msec) (35), and the percentage hepatic
fat content was calculated according to
Szczepaniak et al (17).

Liver Tissue Sampling

During surgery, a large wedge biopsy
specimen (20 X 20 X 20-mm) from the
part of the liver to be resected was re-
trieved, distant from the liver masses
and liver capsule. Liver tissue samples
were fixed in 10% buffered formalin for
24 hours, and 4-pm-thick sections were
stained with hematoxylin-eosin. No sep-
arate staining for iron was performed.
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Fibrosis and inflammation were not
assessed.

Histopathologic Steatosis Assessment

An experienced hepatopathologist
(F.J.t.K., 30 years of experience),
blinded to study results, evaluated the
liver biopsy samples for histopathologic
grading of hepatic steatosis. Macrove-
sicular steatosis was assessed as the
percentage of hepatocytes in the micro-
scopic field containing a lipid vacuole
larger than the diameter of the nucleus
and displacing the nucleus. Percentage
of macrovesicular steatosis was graded
as none (0%-5%), mild (5%-33%), mod-
erate (33%-66%), and severe (>66%)
(36). Microvesicular steatosis was as-
sessed as the percentage of hepatocytes
in the microscopic field containing nu-
merous small vesicles not displacing the
nucleus.

Statistical Analysis

Correlations between results of imaging
modalities and histopathologic results
(percentage macrovesicular steatosis)
were assessed by using Spearman cor-
relation coefficient. We also studied
correlations specifically in patients with
proved hepatic steatosis to investigate
the influence of the findings in patients
without hepatic steatosis on the overall
correlations. We did not evaluate in-
traobserver agreement for the imaging
techniques and the reference standard.
Differences between groups were as-
sessed with one-way analysis of variance
by using post hoc Bonferroni correction.
We also performed receiver operat-
ing characteristic (ROC) curve analysis
to determine the best cut-off values
for US, CT, T1-weighted dual-echo MR
imaging, and '"H MR spectroscopy to
predict hepatic steatosis. To assess test
accuracy, we evaluated the area under
the ROC curve (AUC). The best cut-off
value was determined while balanc-
ing the best sensitivity with the lowest
false-positive rate. Performance statis-
tics (total accuracy, sensitivity, specificity,
positive predictive value, negative pred-
icative value, and likelihood ratio) with
95% confidence intervals were evalu-
ated by means of the best cut-off value
to assess hepatic steatosis for the four

imaging techniques. The likelihood ratio
is the likelihood that a test result would
be expected in a patient with the target
disorder compared with the likelihood
that the same test result would be ex-
pected in a patient without the target
disorder. A likelihood ratio greater than
10 and less than 0.1 imply strong ef-
fects, whereas a likelihood ratio of 1
implies no effect. Differences in sensi-
tivity and specificity were assessed by
using a McNemar test. For Bonferroni
corrections, the level of significance was
corrected for the number of compari-
sons (P value: .05/6 = .0083). For all
other statistical analysis a P value < .05
was considered to indicate as significant
difference. All statistical analyses were
performed by using software (SPSS ver-
sion 16.0; SPSS, Chicago, II).

Patients

The study included 46 patients, 25
(54%) men and 21 (46%) women, with
a mean age of 58.7 years (range, 27-76
years) (Fig 1). The mean age for men
was 65.2 years (range, 48-76 years)
and that for women was 50.9 years
(range, 27-76 years). The mean body
mass index was 27.1 kg/m? (range,
20.2-40.6 kg/m?), with 26.2 kg/m?
(range, 20.8-34.0 kg/m?) in men and
28 kg/m? (range, 20.2-40.6 kg/m?) in
women. Considering a mean body mass
between 20 and 25 kg/m? to be normal,
41% (19 of 46) of the patients had nor-
mal weight and 59% (27 of 46) were
overweight. US, T1-weighted dual-echo
MR imaging, and '"H MR spectroscopy
were all performed within 2 weeks prior
to liver resection. CT was performed
within 3 months prior to surgery. Four
US and three CT examinations were not
performed because of logistical reasons,
and three dual-echo MR imaging exami-
nations were not performed because of
technical failure.

Histologic Reference Standard

At histopathologic examination, 23 pa-
tients had none, 11 had mild, nine had
moderate, and three had severe mac-
rovesicular steatosis. The prevalence of

hepatic steatosis in this study popula-
tion was 50% (23 of 46 patients had
macrovesicular steatosis > 5% at his-
topathologic analysis). Mean macrove-
sicular steatosis was 16.1% (range,
0%-80%), and mean microvesicular
steatosis was 6.5% (range, 0%-25%).
Correlation between macro- and microve-
sicular steatosis was significant (r = 0.67,
P < .001).

Correlations

Table 2 shows correlation coefficients
of the imaging techniques versus histo-
pathologic examination. Figure 2 shows
correlations graphically. A moderate
correlation was found between US and
macrovesicular steatosis at histopatho-
logic examination (r = 0.66, P < .001).
Correlation between CT and histopatho-
logic examination was poor (r = —0.53,
P < .001). A strong correlation was
found between T1-weighted dual-echo
MR imaging and histopathologic exami-
nation (r = 0.85, P < .001) and between
"H MR spectroscopy and histopathologic
examination (r = 0.86, P < .001).

In the 23 patients with macrove-
sicular steatosis greater than 5%, T1-
weighted dual-echo MR imaging and 'H
MR spectroscopy showed even stronger
correlation with histopathologic exami-
nation (r=0.92, P < .001 and r = 0.89,
P < .001, respectively) than in the overall
group. Also, US and CT showed slightly
stronger correlation (r=0.73, P < .001
and r = —0.64, P = .001, respectively)
in patients with hepatic macrovesicular
steatosis greater than 5%.

Comparison of Imaging and
Spectroscopic Values across Steatosis
Grades

Figure 3 shows the performance of CT,
T1-weighted dual-echo MR imaging,
and 'H MR spectroscopy in differenti-
ating the grades of steatosis. CT could
only differentiate between moderate
and severe (P < .001) steatosis. T1-
weighted dual-echo MR imaging could
differentiate between none and mild
steatosis (P < .001), between mild and
moderate steatosis (P < .001), and be-
tween moderate and severe steatosis
(P =.04). With "H MR spectroscopy it
was possible to distinguish none from
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I, (> - .005); specifiity was not different

Excluded patients, n = 14

Eligible patients
n =60

- Technical failure,n =3
- Refusal, n =11

Reference standard
liver biopsy
n =46

'

No hepatic steatosis
n=23

!

Diagnostic tests:
Us, CT, MRI, MRS

-

Inconclusive
n=0

Hepatic steatosis
n=23

l

Diagnostic tests:
Us, CT, MRI, MRS

n=23 n=23

Steatosis Steatosis Missing Steatosis Steatosis Missing

present: absent: data: present: absent: data:

us,n=5 us, n=17 usS,n=1 uUs, n=13 us,n=7 Us,n=3

CT,n=11 CT,n=10 CT,n=2 CT,n=18 CT,n=4 CT,n=1

MR, n=2 MRI, n=20 |[[MRIl, n=1 MRI,n=19 [|[MRl,n=2 [[MRl,n=2

MRS, n=3 ||MRS,n=20(|MRS,n=0 MRS, n=21||MRS,n=2 [[MRS,n=0
Figure 1:  Study flowchart.

mild steatosis (P < .001), mild from
moderate steatosis (P < .001), and
moderate from severe steatosis (P = .01).

Diagnostic Accuracy

For the 5% upper normal limit histo-
pathologic macrovesicular steatosis
threshold value, the diagnostic perfor-
mance was calculated for the different
imaging modalities as summarized in
Table 3. We performed ROC curve fit-
ting for US, CT, T1-weighted dual-echo
MR imaging, and'H MR spectroscopy
(Fig 4). The AUC was 0.77 for US, 0.76
for CT, 0.93 for T1-weighted dual-echo
MR imaging, and 0.97 for '"H MR spec-
troscopy, showing acceptable diagnos-
tic performance for both T1-weighted
dual-echo MR imaging and 'H MR
spectroscopy.

From the ROC curves, we found
liver attenuation of 54.2 HU as a cut-
off value for CT. T1-weighted dual-echo
MR imaging hepatic fat fraction had a
cut-off value of 1.5% and '"H MR spec-
troscopy had 1 a cut-off value of 1.8%.

For US no cut-off value was calculated
(categoric data; steatosis is either pres-
ent or not). These cut-off values were
used to calculate diagnostic accuracy.
Lowest sensitivity was found for US
(65%, 13 of 20). T1-weighted dual-echo
MR imaging and 'H MR spectroscopy
had a sensitivity of 90% (19 of 21) and
91% (21 of 23), respectively. Specificity
was lowest for CT (70%, 17 of 23) and
highest for T1-weighted dual-echo MR
imaging (91%, 20 of 22). Positive pre-
dictive value and negative predictive
value were highest for T1-weighted
dual-echo MR imaging (90%, 19 of 21,
and 91%, 20 of 22, respectively) and
for 'TH MR spectroscopy (88%, 21 of
24, and 91%, 20 of 22, respectively).
The total accuracy was 71% (30 of 42)
for US, 74% (31 of 43) for CT, 91%
(39 of 43) for Tl1-weighted dual-echo
MR imaging, and 89% (41 of 46) for
'H MR spectroscopy. The sensitivity of
US was significantly lower than that of
T1-weighted dual-echo MR imaging
(P = .002) and 'H MR spectroscopy

(P = .664 and P = .414, respectively).
The sensitivity of CT was significantly
lower than that of T1-weighted dual-
echo MR imaging (P = .039) and "H MR
spectroscopy (P = .022); specificity was
not different (P = .687 and P > .99,
respectively). Differences in sensitivity
and specificity between T1-weighted
dual-echo MR imaging and 'H MR
spectroscopy were not significant (P >
.99). Best positive and negative likeli-
hood ratios were found for T1-weighted
dual-echo MR imaging (10.0 and 0.10,
respectively) and '"H MR spectroscopy
(7.00 and 0.10, respectively).

Finally, by using both CT and T1-
weighted dual-echo MR imaging, we
found no significant differences in sensi-
tivity (CT and MR imaging, P > .99) and
specificity (CT, P > .99; MR imaging,
P = .625) in the detection of hepatic fat
between the left and right hepatic lobe.
Within the right hepatic lobe, we found
no significant geographic differences in
sensitivity (CT and MR imaging, P >
.99) and specificity (CT, P = .787; MR
imaging, P = .695) in the detection of
hepatic fat.

Our study evaluates fully paired measure-
ments of four different hepatic steatosis
imaging techniques with histopathologic
confirmation. The results demonstrate
that both T1-weighted dual-echo MR
imaging and '"H MR spectroscopy show
stronger correlation with the reference
standard and yield higher diagnostic ac-
curacy than do US and CT. Both dual-
echo T1-weighted MR imaging and 'H
MR spectroscopy allow assessment of
steatosis in an objective way, with good
sensitivity and specificity.

On the basis of a histopathologic up-
per limit of 5% macrovesicular steato-
sis, we calculated a cut-off value of 1.5%
for T1-weighted dual-echo MR imaging
and of 1.8% for 'H MR spectroscopy.
This is significantly lower compared
with the population-based cut-off value
of 5.6% for '"H MR spectroscopy pro-
posed by Szcezpaniak et al (17). Impor-
tantly, no histopathologic validation was
performed in the latter study. Although
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Figure 2:  Scatterplots (regression lines in b—d) represent correlation between histopathologic results (percentage macrove-
sicular steatosis) and (a) degree of steatosis at US, (b) CT liver attenuation, (c) T1-weighted dual-echo MR imaging fat fraction
(FF), and (d) "H MR spectroscopy hepatic fat content (HFC). Dotted lines represent 5% macrovesicular steatosis cut-off value.

Table 2

Spearman Correlation Coefficients between Imaging Modalities and Histopathologic Examination

us CT MR Imaging "H MR Spectroscopy
Patients rValue PValue rValue PValue rValue PValue rValue PValue
All (n = 46) 0.66 <.001 —0.55 <.001 0.85 <.001 0.86 <.001
With macrovesicular steatosis 0.73 <.001 —0.64 .001 0.92 <.001 0.89 <.001

greater than 5% (n = 23)

this upper limit was determined in a
sizeable cohort study, the difference
in our study is substantial. In a healthy
subgroup of this population, hepatic fat
showed a median of 1.9% (95th per-
centile being 5.6%). This much more
resembles our calculated upper normal
limit of 1.8% hepatic fat.

CT is less suitable for the quanti-
tative assessment of hepatic steatosis.
Sensitivity, specificity, and likelihood
ratios show insufficient diagnostic per-
formance. This finding is consistent
with the results of Park et al (14),
who report that it is not clinically ac-
ceptable to use CT for the quantitative

assessment of steatosis. Although we
found acceptable correlation with his-
topathologic analysis, US also showed
poor diagnostic performance. The main
disadvantages of US are the inherent
subjectivity of the technique, the lack
of specificity, the inability to quantify
the degree of steatosis, and the limited
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Figure 3:  Boxplots represent differences across steatosis grades by using (a) CT liver attenuation, (b) T1-weighted dual-echo MR imaging fat fraction (FF), and (c)
single-voxel 'H MR spectroscopy hepatic fat content (HFC) in differentiating four stages of hepatic steatosis.

Table 3

Diagnostic Accuracy of US, CT, MR imaging, and 'H MR Spectroscopy for Macrovesicular Hepatic Fat Content

Positive Predictive Negative Predictive Positive Likelihood Negative Likelihood

Modality Sensitivity (%) Specificity (%) Value (%) Value (%) Ratio Ratio
us 65 (0.41, 0.84) 77 (0.54,0.91) 72 (0.46, 0.89) 71(0.49, 0.87) 2.86 0.45
CT 74 (0.51,0.89) 70 (0.46,0.87) 74 (0.51,0.89) 70 (0.46, 0.87) 2.46 0.37
MR imaging 90 (0.68, 0.98) 91 (0.69, 0.98) 90 (0.68, 0.98) 91 (0.69, 0.98) 10.00 0.10
"H MR 91 (0.70, 0.98) 87 (0.65, 0.97) 88 (0.67,0.97) 91 (0.69, 0.98) 7.00 0.10

spectroscopy

Note.—Data in parentheses are 95% confidence intervals.

range of grading scores of hepatic fat
content that can be obtained reliably
(low or high hepatic fat content) (37).
Furthermore intra- and interobserver
variability is substantial (38).

Our study results show that T1-
weighted dual-echo MR imaging and
'H MR spectroscopy can both demon-
strate differences between clinically
relevant grades of macrovesicular ste-
atosis (none, mild, moderate, and se-
vere). This could potentially be relevant
for monitoring treatment response in
patients with steatosis and in assess-
ing the severity of steatosis in patients
undergoing liver resection. With this
perspective; 'H MR spectroscopy has
already shown to be repeatable and re-
producible (18). Furthermore, in living
donor liver transplantation procedures,
moderate and severe macrovesicular
steatosis are considered exclusion cri-
teria (39,40).

Our study had some limitations. We
included a relatively small sample size

of 46 patients, with only three patients
with severe steatosis. Standardization
and lifestyle control of patients were not
implemented in this study. Since this
was not a main objective of our study,
we did not study the effect of intra- and
interobserver variability on diagnostic
performance of the different imaging
modalities and histopathologic results.
The performance of CT in our study
was relatively poor compared with that
in prior studies. There a two important
reasons for this. First, other studies
have investigated the performance of
CT to detect liver steatosis in patients
with macrovesicular steatosis greater
than 30% (14,41,42). Our study inves-
tigated the performance of CT in the
entire spectrum of macrovesicular ste-
atosis, thus including the part of the
spectrum with poorer CT results. The
second reason could be the increased
time interval between CT and surgery
(and therefore histopathologic analysis)
in some patients. Some patients already

had unenhanced CT scans from prior di-
agnostic investigations. When no prior
CT scans were available, we performed
an unenhanced CT examination 2-3 days
before surgery. The redefined maximum
time interval between CT and surgery in
patients who already had an unenhanced
CT scan was 3 months.

Several CT metrics have been stud-
ied in recent literature (liver/spleen at-
tenuation index, liver minus spleen at-
tenuation index, and liver attenuation
only). Results of different CT metrics
used to measure hepatic fat vary in the
literature. We chose to investigate liver
attenuation only. This metric is advo-
cated by Kodama et al (31). The au-
thors conclude that liver attenuation
alone is the best method for predict-
ing hepatic fat content. The attenuation
measurement of the spleen does not
contribute to the prediction of hepatic
fat content. Comparisons of different
metrics show that there is no normal-
ization effect with the inclusion of the
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Figure 4:  ROC curves represent diagnostic accuracy of (a) US, (b) CT liver attenuation, (c), T1-weighted
dual-echo MR imaging fat fraction, and (d) and single-voxel 'H MR spectroscopy in diagnosing hepatic

steatosis.

splenic measurements. Comparison of
liver attenuation with splenic attenuation
is a more complex and time-consuming
method than liver attenuation alone.

We used a Tl-weighted dual-echo
chemical shift MR imaging method for
in- and opposed-phase images to study
hepatic steatosis. Other authors have
suggested more advanced chemical shift
imaging methods using multiple echoes
(15,43-45). Because the latter method
is not widely available, we chose to
use the readily available method of T1-
weighted dual-echo chemical shift imag-
ing. No corrections for T1, T2*, or fat
spectral complexity were made, and
consequently only MR signal intensities
were evaluated.

In our study, '"H MR spectroscopy
was performed during free breathing.
This is a potential limitation because

the volume interrogated by 'H MR
spectroscopy is blurred in the longitu-
dinal direction by 2-3-cm respiratory
excursions of the liver. Furthermore,
we used a point-resolved spatially local-
ized spectroscopy sequence, which can
be confounded by J-coupling effects.
We also corrected for T2 relaxation by
using T2 values found in the literature.
This ignores the variability in T2 relax-
ation values between individuals. To as-
sess heterogeneity of hepatic fat, one
should ideally perform multiple voxel
measurements or spectroscopic imag-
ing of the whole liver. However, this
would be time consuming and poses
higher demands on the shimming of the
volume of interest, making it unpracti-
cal in clinical practice. Although this is
a limitation, the evaluated liver volume
at 'H MR spectroscopy is approximately

400 times larger than the amount of liv-
er tissue evaluated at biopsy.

We performed only hematoxylin-
eosin staining of the liver biopsy speci-
mens to evaluate hepatic steatosis. We
did not perform separate staining for
iron. Fibrosis and inflammation were not
analyzed. This could pose a confound-
ing effect on the results of our study
since elevated iron, fibrosis, and inflam-
mation may be present in patients with
hepatic steatosis. Furthermore, we did
not consider the effect of microvesicular
steatosis on the diagnostic performance
of the imaging techniques. In our opin-
ion this is justified since the reference
standard was based on macrovesicular
steatosis. Compared with microvesicu-
lar steatosis, macrovesicular steatosis is
predominant at histologic examination
(36). Clinically macrovesicular steatosis is
more relevant because it is considered
to be a risk factor in liver surgery and
transplantation (6,40,46,47), but mi-
crovesicular steatosis is not (48-50).
Furthermore Kleiner et al (36) found
that inter- and intraobserver variability
to score the amount of microvesicular
steatosis was not significantly better than
chance (k score, 0.37 for intraobserver
variability and 0.34 for interobserver
variability). Therefore, we chose to use
only macrovesicular steatosis for analysis
in our study.

Another restriction is that we did
not perform the imaging measurements
at exactly the same location in the liver
that were used for histopathologic as-
sessment. This could affect the results
we reported in diagnostic performance.
However, our results suggest that po-
tential heterogeneity between lobes has
no significant effect on diagnostic per-
formance, and we obtained large-wedge
liver biopsy specimens, which provided
much more and accurate data than could
be obtained from percutaneous subcap-
sular needle biopsy. Furthermore, per-
formance of every measurement at ex-
actly the same locations in the liver was
not feasible since the subjects under-
went different surgical procedures for
tumors of varying sizes and locations.
We also noted that 'H MR spectroscopic
measurements in the left liver lobe
were very sensitive to motion artifacts
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because of breathing excursions and
smaller size of the left liver lobe.

In this study T1-weighted dual-echo
MR imaging and 'H MR spectroscopy had
similar findings. We think T1-weighted
dual-echo MR imaging performed well
because the mean signal intensity de-
cay of 12 ROIs throughout the liver was
measured, as opposed to only one voxel
measured in the liver with "H MR spec-
troscopy. '"H MR spectroscopy might have
performed better if multivoxel 'H MR
spectroscopic scanning was implemented.
In our opinion, "H MR spectroscopy is
also very suitable in clinical practice.
Its accuracy is comparable with that of
T1-weighted dual-echo MR imaging, and
we noticed that it is not more compli-
cated to process, execute, and calculate
the proportion of hepatic fat with 'H
MR spectroscopy. Unfortunately, "H MR
spectroscopy still lacks general availability
in current clinical practice.

In conclusion, T1-weighted dual-echo
MR imaging and '"H MR spectroscopy
strongly correlate with histopathologic
steatosis assessment and are superior
to US and CT. In contrast to US and CT,
T1-weighted dual-echo MR imaging and
'H MR spectroscopy are better able to
depict differences across steatosis grades.
These modalities showed the best diag-
nostic accuracies. Therefore, we con-
clude that T1-weighted dual-echo MR
imaging and 'H MR point-resolved spec-
troscopy are more accurate for diagno-
sis and assessment of liver steatosis than
are US and CT examinations in patients
undergoing liver resection.
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