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PURPOSE
We aimed to evaluate whether histogram analysis of susceptibility-weighted imaging (SWI) could
quantify liver fibrosis grade in patients with chronic liver disease (CLD).

METHODS

Fifty-three patients with CLD who underwent multi-echo SWI (TEs of 2.5, 5, and 10 ms) were includ-
ed. Histogram analysis of SWI images were performed and mean, variance, skewness, kurtosis, and
the 1%, 10, 50, 90™, and 99" percentiles were derived. Quantitative histogram parameters were
compared. For significant parameters, further receiver operating characteristic (ROC) analyses were
performed to evaluate the potential diagnostic performance for differentiating liver fibrosis stages.

RESULTS

The number of patients in each pathologic fibrosis grade was 7, 3, 5, 5, and 33 for FO, F1, F2, F3, and
F4, respectively. The results of variance (TE: 10 ms), 90* percentile (TE: 10 ms), and 99t percentile (TE:
10 and 5 ms) in FO-F3 group were significantly lower than in F4 group, with areas under the ROC
curves (AUCs) of 0.84 for variance and 0.70-0.73 for the 90 and 99 percentiles, respectively. The
results of variance (TE: 10 and 5 ms), 99t percentile (TE: 10 ms), and skewness (TE: 2.5 and 5 ms) in
FO-F2 group were smaller than those of F3/F4 group, with AUCs of 0.88 and 0.69 for variance (TE: 10
and 5 ms, respectively), 0.68 for 99t percentile (TE: 10 ms), and 0.73 and 0.68 for skewness (TE: 2.5
and 5 ms, respectively).

CONCLUSION
Magnetic resonance histogram analysis of SWI, particularly the variance, is promising for predicting
advanced liver fibrosis and cirrhosis.

iver fibrosis is the accumulation of extracellular matrix proteins and is a feature of most

chronic liver diseases (CLDs) (1). Studies have demonstrated that fibrosis is reversible

at early stages (2, 3), and causal treatments improve liver function (4). Because of the
great risk of liver cirrhosis, hepatocellular carcinoma (HCC), and other complications in pa-
tients with liver fibrosis, accurate assessment of the liver fibrosis stage and early detection
of early cirrhosis are important for judging the prognosis and planning treatment (5). Fur-
thermore, the severity of fibrosis has been associated with remnant liver functional reserve
after hepatectomy for HCC (6). A noninvasive tool that would enable us to preoperatively
evaluate the severity of liver fibrosis would be beneficial for a more risk-adapted treatment
strategy.

Liver biopsy is commonly considered to be the gold standard for grading liver fibrosis;
however, biopsy is considered impractical for evaluating disease progression or response
to treatment because of its invasiveness, interobserver variability, sample errors, patients’
acceptance, and complications such as bleeding, infection, and pain (7-10). Consequent-
ly, a noninvasive and feasible method for assessing the liver fibrosis stage is required.
Conventional axial imaging techniques have limited value for evaluating liver fibrosis.
Recently, several noninvasive methods have been assessed, including laboratory tests,
ultrasound transient elastography (11), and magnetic resonance imaging (MRI)-based
techniques (e.g., magnetic elastography, diffusion-weighted imaging [DWI], perfusion,
gadoxetic acid-enhanced MRI, and susceptibility-weighted imaging [SWI]) (12-21). SWI
was demonstrated to be feasible for abdominal imaging and could utilize phase infor-
mation to enhance susceptibility effects that were caused by iron in cirrhosis and HCC
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(22, 23). In theory, increased iron content
of the liver and secondary changes mani-
festing in progressive collagen deposition
are important background alterations in
the development of liver fibrosis (24). Bal-
assy et al. (21) reported that by measuring
the mean values of signal intensities and
using a corrected liver-to-muscle ratio, SWI
might be used as an alternative technique
to assess the severity of hepatic fibrosis.
However, they did not consider the hetero-
geneity of fibrotic liver parenchyma.

Image texture is a sensitive character-
istic for assessing pathology, and texture
analysis is a method that can provide more
information regarding the image texture
features that may be ignored by visual eval-
uation (25). A histogram is a useful tool in
hepatic texture analysis for depicting the
distribution of signal intensity levels (26),
which can reflect the heterogeneity of
pathologic changes. Kim et al. (27) demon-
strated that histogram analysis of gadoxetic
acid-enhanced hepatobiliary phase MRI
could be useful in depicting enhancement
heterogeneity, which is representative of
the liver fibrosis stage (27). We hypothe-
sized that the fibrotic liver had different
heterogeneities of iron deposition and sec-
ondary changes in different fibrosis stag-
es, which might be detected by histogram
analyses of SWI.

Thus, we aimed to evaluate whether his-
togram analysis of SWI could quantify liver
fibrosis stages and assess whether different
echo times (TEs) of SWI could affect the
quantification of SWI histogram analyses.

* Accurate assessment of fibrosis stage using a
noninvasive method is important in clinical
practice.

* Histogram analysis reveals the distribution
of signal intensity levels for susceptibility-
weighted images and has the potential
to detect different heterogeneity of iron
deposition and secondary changes of liver
parenchyma in different fibrosis stages.

* We identified histogram-derived parameters
on susceptibity-weighted images (in particular,
variance) as potentially useful biomarkers for
predicting stages of liver fibrosis.

* In the present study, higher TE, especially
TE=10 ms, was found to be more accurate for
staging fibrosis compared with TE=2.5 ms or
5ms.

Methods

Patients

We retrospectively evaluated 215 con-
secutive patients who were suspected to
have CLDs or focal liver lesions clinically or
through previous imaging by ultrasonog-
raphy (US), computed tomography (CT), or
MRI between March 2010 and May 2011.
The Institutional Review Board of our hos-
pital approved the study and waived in-
formed consent. The inclusion criteria were
as follows: histopathologically confirmed
liver fibrosis stages with partial hepatecto-
my conducted to treat HCC; availability of
preoperative MRI, including SWI sequence,
obtained using the same 3.0 T MRI scanner;
patients without prior partial hepatectomy
or anticancer treatments (e.g. transarterial
chemoembolization, radiofrequency abla-
tion, or radiation therapy); and patients with-
out systemic diseases or iron overload histo-
ry that may have an effect on the liver (e.g.,
metabolic disorders, iron deficiency anemia,
or repetitive blood transfusion). Finally, the
defined sample comprised 53 patients with
documented pathologic fibrosis stages (clas-
sified according to the METAVIR system). Se-
rum alpha fetoprotein (AFP), alanine amino-
transferase, aspartate aminotransferase, and
bilirubin levels were obtained within two
weeks before MRl was performed.

MRI acquisition

All patients were imaged at a 3.0 T MRI
scanner (Verios, Siemens) using a 12-channel
body coil. The following MRI sequences were
used: T2-weighted fast-spin echo sequence
(TR/TE, 4000/78 ms), with fat suppression,
lateral respiratory navigation, and a flip an-
gle of 140° T1-weighted with fast low-angle
(70°) shot sequence (TR/TE, 140/2.5 ms); sec-
tion thickness was 5 mm, intersection gap
was 1 mm; and matrix was 168-180x320. For
dynamic contrast imaging, gadopentetate
dimeglumine (Magnevist, Bayer Health-
care) was injected after a 20 mL saline flush
(Spectris, Medrad); the parameters for dy-
namic contrast were TR/TE, 4/1.4 ms; matrix,
180x%320; flip angle, 9° and section thick-
ness, 3 mm, and there was no intersection
gap. Hepatic arterial, portal, and equilibrium
phase images were obtained at 25, 60, and
180 s after contrast-median administration,
respectively. For the transverse muti-echo
two-dimensional SWI sequence that was
performed before the enhancement, the pa-
rameters were TR/TEs, 150/10, 5, and 2.5 ms;
matrix, 187x384; flip angle, 20°; voxel size,
1.5%1.0x0.5 mm?>; section thickness, 5 mm;
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and intersection gap, 1 mm. FOV of all se-
quences was the same (285x214 to 285x380
mm). For covering the entire liver, we used
three breath holds; each of these lasted for
16 s, and 30 slices were used. Total time of
breath holds was <77 s for all patients, in-
cluding break time between multiple breath
holds. A corresponding imaging technology,
generalized autocalibrating partially paral-
lel acquision, was used with an acceleration
factor of 2. Once SWI was performed, the im-
ages (phases, magnitudes, SWI images, and
minimum intensity projections) were re-es-
tablished on the MRI console.

Histogram analysis

The SWIimages were transferred from the
hospital’s picture archiving and communica-
tion system to an offline workstation. Histo-
gram analyses were performed using MaZda
(MaZda for Windows, B11 version 3.3, www.
eletel.p.lodz.pl/programy/mazda/) (28, 29).
Two abdominal radiologists, with one year
(Y.Z.X) and two years (L.H.Y.) of abdominal
imaging experience, who were blinded to
the clinical information and liver fibrosis stag-
es, placed regions of interest (ROI) of the liver
parenchyma at the portal hepatic level, thus
avoiding visible abnormalities (tumors, cysts,
hemangiomas, etc.) and visible veins and bile
ducts for each patient (Fig. 1). When the ab-
normalities were small and could be easily ig-
nored on the SWIimages, T1- and T2-weight-
ed images were also reviewed. Once ROI
was placed, gray-level normalization was
performed for each ROI, and the limitation
of dynamics to p+30 (Y, gray-level mean and
o, gray-level standard deviation) was used to
decrease the influence of variations in con-
trast and brightness. Histogram data was
then generated for ROI, and the following
parameters were calculated: mean, variance,
skewness, kurtosis, and the 1%, 10%, 50™, 90™,
and 99" percentiles. These parameters are
mathematically defined below.

Ng

Mean, u:E i(0);

Variance, 02=2<i— w)? pl0);

Skewness, p,.=0 2(1'7 W ;

Kurtosis, p4=04 2(/’-.:1)‘;)(1)-3;
n" percentile means the point at which n%
of the voxel values that form the histogram
are found to the left. In the formulas, p(i) is
a normalized histogram vector (i.e., a histo-

gram whose entries are divided by the sum
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Figure 1. a-c. Examples of regions of interest drawn over susceptibility-weighted images of the liver. Liver borders, visible lesions (asterisk), major vessels,
and vena cava were manually excluded. Images represent the different echo time (TE) values: (a), TE=2.5 ms; (b), TE=5 ms; (c), TE=10 ms. The histogram
curves are shown on the bottom left.

Table 1. Statistics of susceptibility-weighted MRI histogram analysis parameters measured for hepatic parenchyma at different TE values between FO-F3 group
(noncirrhotic liver) and F4 group (cirrhotic liver)

TE=2.5ms TE=5.0ms TE=10ms
FO-F3 (n=20) F4 (n=33) P FO-F3 (n=20) F4 (n=33) P FO-F3 (n=20) F4 (n=33) P
Mean 78.3(66.2,115.4) 81.3(67.1,1024) 0463  821(625,1203) 86.7(658,1043) 0359 69.2(41.51096) 780(439,103.00 0.091
Variance 120.5(42.8,257.7) 135.8(65.2,451.2) 0557 139.8(514,429.1) 154.0(69.7,5252) 0.106 106.8(55.8,1749) 157.5(94.0,512.3) 0.000*
Skewness 0.2(-0.3,0.9) 04(-0.2,1.1) 0.287 0.2(-04,0.9) 0.3(-04,0.8) 0.137 04(-03,1.4) 03(-04,1.5) 0.557
Kurtosis -0.1(-0.7,1.7) -03(-1.0,12) 0.927 —-0.3(-0.7,0.8) 0.03(~1.0,1.0) 0.369 04(-06,2.7) 0.2(-0.8,6.0) 0.255
1% percentile 59.3+155 60.1+£104 0.818 60.1+15.7 60.2+10.2 0.987 51.7£17.0 5094122 0.856
10* percentile 67.1+15.1 67.5+10.2 0914 69.5+15.7 70.2+9.9 0.857 59.6+17.6 62.2+124 0539
50" percentile 82.5(65,115.5) 79.0(66.0,101.5) 0576 80.8(62.0,121.0) 86.0(64.0,1045) 0452 683(405,1100) 77.0(420,101.5) 0.114
90" percentile 959+11.8 98.9+9.3 0320 1004+134 105.1£9.2 0.140 85.6+17.8 97.1+£124 0.017*
99* percentile 108.2+12.6 1121£113 0.247 1124+134 1199+114 0.035* 98.9+16.5 112.5%135 0.002*
Data are presented as meanzstandard deviation for normal distribution or median (minimum, maximum) for non-normal distribution.
TE, echo time.
*P<0.05.
of the pixels in ROI),i=1, 2, ...,and Ngmeans  was averaged between the two readers. Results

the number of intensity levels.

Standard reference

All patients underwent a partial hepatec-
tomy for resection of HCC. The surround-
ing hepatic parenchyma was also excised
to diagnose the underlying liver disease.
All surgical specimens were assessed by a
dedicated pathologist with 10 years of ex-
perience, who was blinded to radiologic
analyses. The criteria for liver fibrosis stages
were as follows: FO, no fibrosis; F1, fibrous
expansion of some portal areas; F2, bridg-
ing fibrosis; F3, fibrosis septa with architec-
tural distortion; and F4, cirrhosis.

Statistical analysis

A comparison of mean, variance, skew-
ness, kurtosis, and the 1%, 10, 50t, 90, and
99t percentiles of the groups were calculat-
ed using the Student’s t-test or Mann-Whit-
ney U test. For the calculations of parame-
ters previously described, each parameter

Interobserver agreement was assessed by
calculating the intraclass correlation coef-
ficient (ICC) for single measurements. For
significant parameters, receiver operating
characteristics (ROC) analyses were further
established to evaluate the potential diag-
nostic performance for differentiating liver
fibrosis stages. Corresponding areas under
the ROC curve (AUCs) with 95% confidence
intervals (Cl) were calculated. The optimal
cutoff values of the value histogram anal-
ysis parameters for distinguishing FO-F2
group (no liver fibrosis to moderate liver
fibrosis) and F3/F4 group (advanced liver
fibrosis) and FO-F3 group (noncirrhotic liv-
er) and F4 group (cirrhotic liver) were cal-
culated to maximize the sum of specificity
and sensitivity; we selected the cutoff value
at which the Youden index was the maxi-
mum value. The analyses were performed
using the SPSS software (19.0, IBM Corp.)
and MedCalc (MedCalc for Windows, ver.
11.5.0.0, www.medcalc.be). A P value of
<0.05 was considered significant.

In the study, 43 patients were maleand 10
were female. Their mean age was 51.9+11.7
years, ranging from 25 to 75 years. Among
these, only one patient did not suffer from
an identifiable underlying CLD; all others
had viral hepatitis B, and pathologic results
demonstrated that all had HCC. MRI was
completed before hepatectomy within 20
days (5.8+4.5 days; range, 1-20 days). The
number of patients in each pathologic fibro-
sis grade was 7, 3, 5, 5, and 33 for FO, F1, F2,
F3, and F4, respectively. The median base-
line AFP, bilirubin, aspartate aminotrans-
ferase, and alanine aminotransferase levels
were 51.65 ng/mL (range, 0.70-7605.00
ng/mL), 11.80 umol/L (range, 4.70-181.20
umol/L), 32.00 U/L (range, 8.40-121.00 U/L),
and 33.50 U/L (range, 13.00-128.00 U/L), re-
spectively.

When TE was 2.5 or 5 ms for the above-
mentioned parameters including mean,
variance, skewness, the 1%, 10*, 50", 90",
and 99 percentiles, interobserver agree-
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Table 2. Statistics of susceptibility-weighted MRI histogram analysis parameters measured for hepatic parenchyma at different TE values between FO-F2 group
(no liver fibrosis to moderate liver fibrosis) and F3/F4 group (advanced liver fibrosis)

TE=25ms TE=5ms TE=10ms
FO-F2 (n=15) F3/F4 (n=38) P FO-F2 (n=15) F3/F4 (n=38) FO-F2 (n=15) F3/F4 (n=38) P
Mean 83.5+14.0 81.249.2 0479 87.3+14.0 85.319.7 0.555 75.1£16.9 76.7£13.6 0.721
Variance 105.2(42.8,257.7) 1409 (65.2,451.2) 0086 109.1(51.4,429.1) 155.1(69.7,525.2) 0.035* 102.5(55.8,147.5) 156.3(85.7,512.3) 0.000*
Skewness 0.1(-0.3,0.8) 0.5(-0.2,1.1) 0.011* 0.1(-04,0.8) 0.3(-04,0.9) 0.042* 0.2(-03,0.8) 0.3(-04,1.5) 0418
Kurtosis —0.3(-0.7,07) —02(-1.0,17) 0.364 —0.3(-0.7,0.8) 0.04(-1.0,1.0) 0.179  0.002(-06,2.7) 0.2(-038,6.0) 0.890
1% percentile 61.9£16.6 59.0+104 0.536 63.3+15.8 58.9+10.8 0.254 5474157 49.8+13.3 0.261
10* percentile 69.6+16.2 66.5+10.1 0489 722159 69.1+10.6 0405 62.7+16.5 60.1+13.8 0.637
50" percentile 834+14.2 79.8£9.5 0.291 87.2+143 84.2+10.2 0.39%4 74.8£169 75.8+£14.0 0.835
90" percentile 97.3+12.7 98.0+9.4 0.831 102.6+13.3 103.6+10.3 0.786 88.0+17.5 94.7£14.6 0.160
99" percentile 108.0+12.7 111.7£11.5 0319 114.0£14.3 1183+11.9 0.264 99.5£16.9 110.9+14.8 0.024*

Data are presented as meanzstandard deviation for normal distribution or median (minimum, maximum) for non-normal distribution.

TE, echo time.
*P < 0.05.
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Figure 2. Receiver operating characteristics (ROC) analysis and areas under the curve (AUC) for prediction
of liver cirrhosis (F4) by significant histogram parameters for susceptibility-weighted imaging (SWI).
Numbers in parentheses represent 95% confidence interval (Cl).

ment was excellent (ICC, 0.90-0.97) except
for kurtosis (ICC, 0.74 and 0.63, respec-
tively); when TE was 10 ms, interobserver
agreement was good (ICC, 0.87-0.95). Fur-
thermore, we applied the F test with a true
value=0 to all ICCs, and P was < 0.001 for all.

SWI histogram analysis parameters of the
different groups at different TE values are

provided in Tables 1 and 2. For distinguish-
ing FO-F3 group (noncirrhotic) from F4
group (cirrhotic), the variance value using
TE=10 ms in FO-F3 was significantly lower
in comparison with F4 (P < 0.001); mean-
while, when TE was 2.5 or 5 ms, the variance
had no significant statistical difference (P
> 0.05). The 90™ and 99t percentile values
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were significantly lower for FO-F3 group
than for F4 group using TE=10 ms (85.6 vs.
97.1,P=0.017 for 90t percentile and 98.9 vs.
112.5, P = 0.002 for 99*" percentile, respec-
tively). Moreover, the 99" percentile val-
ues had significant differences at TE=5 ms
(112.4 vs. 119.9, P = 0.035). For discriminat-
ing between FO-F2 and F3/F4 groups, the
variance values at TE=10 and 5 ms in FO-F2
were significantly lower compared with F3/
F4, respectively (P < 0.001 for TE=10 ms; P =
0.035 for TE=5 ms). The 99t percentile had
significant differences at TE=10 ms (99.5 vs.
110.9, P=0.024). The skewness values were
also significantly smaller for FO-F2 group
than for F3/F4 group using both TE=2.5 ms
(P=0.011) and TE=5 ms (P = 0.042). There
were no significant differences in mean and
kurtosis between FO-F3 and F4 (cirrhotic)
groups or between FO-F2 and F3/F4 groups
at all TE values.

For ROC analyses, the optimal cutoff val-
ues and the corresponding specificity, sen-
sitivity, positive predictive value, and neg-
ative predictive value were calculated for
distinguishing different groups (Tables 3,
4; Figs. 2, 3). AUCs of the abovementioned
significant parameters for detecting the
presence of cirrhotic liver (F4) were 0.84,
0.70,0.73, and 0.71 for variance (TE=10 ms),
90* percentile (TE=10 ms), 99" percentile
(TE=10 ms), and 99* percentile (TE=5 ms),
respectively. Furthermore, for predicting
advanced liver fibrosis (F3/F4), AUCs were
0.88, 0.68, 0.69, 0.68, and 0.73 for variance
(TE=10 ms), 99* percentile (TE=10 ms), vari-
ance (TE=5 ms), skewness (TE=5 ms), and
skewness (TE=2.5 ms), respectively.

Yang et al.



100 (—

Sensitivity
T

— TE10-Variance: 0.88 (0.76-0.95)

--- TE10-99" percentile: 0.68 (0.54-0.80)
TE5-Variance: 0.69 (0.55-0.81)

- L --- TE5-Skewness: 0.68 (0.54-0.81)

------- TE2.5-Skewness: 0.73 (0.59-0.84)

100-Specificity

100

Figure 3. ROC analysis and AUC for prediction of advanced liver fibrosis (F3/F4) by significant
histogram parameters for SWI. Numbers in parentheses represent 95% Cl.

Table 3. Performance of the valuable parameters of susceptibility-weighted MRI histogram analyses at

different TE values for identifying cirrhotic liver (F4)

TE Parameters AUC P*  Sensitivity Specificity ~ PPV NPV Cutoff

10ms  Variance 0.84 0.000 67 20 92 62 >147.4722
95%Cl 0.71-0.93 48-82 68-99 73-99  42-79
90t percentile 0.70 0.016 91 60 79 80 >84
95% Cl 0.56-0.82 76-98 36-81 62-91 52-95
99t percentile 0.73 0.003 91 55 77 79 >96
95% Cl 0.59-0.84 76-98 32-77 60-89  49-95

5ms 99t percentile 0.71 0.010 85 60 78 71 >111
95% Cl 0.57-0.82 68-95 36-81 61-90  44-90

TE, echo time; AUC, area under the receiver operating characteristics curve; 95% Cl, 95% confidence interval; PPV, positive

predictive value; NPV, negative predictive value.
*Pvalue for AUC.

Discussion

This study aimed to explore the poten-
tial use of histogram analysis of muti-echo
two-dimensional SWI for staging liver fi-
brosis in patients with CLD. The best re-
sults were obtained for histogram analysis
of SWI (variance at TE=10 ms), with AUCs
up to 0.84 for detecting cirrhotic liver and
AUCs up to 0.88 for identifying advanced
liver fibrosis, respectively. The 90" and 99t

percentile could also be helpful to evaluate
the liver fibrosis grade (AUCs, 0.68-0.73)
when TE was 10 or 5 ms. Our study demon-
strated that variance was the most valuable
parameter for predicting the severity of
liver fibrosis. Variance is a measure of the
variation from the mean gray-level value
and becomes greater when the image is
more heterogeneous. This study demon-
strated that a higher variance at TE=10 ms
was found for cirrhotic liver compared with

noncirrhotic liver, which was in keeping
with the study by Nilsson et al. (30). Their
study revealed that patients with cirrhosis
were more nonhomogeneous compared
with healthy controls. Furthermore, Kim et
al. (27) reported that the correct coefficient
of variation of histograms of the hepato-
biliary phase of gadoxetic acid-enhanced
MRI demonstrated statistically significant
differences among different pathologic fi-
brosis grades (27). Our study also revealed
that the variance of histograms in advanced
liver fibrosis was greater for no liver fibrosis
to moderate liver fibrosis, which might be
because of the more nonhomogeneous
iron deposition and secondary pathologic
changes at higher grades of liver fibrosis.
We also found that the histogram param-
eters of the 90" and 99" percentile could
be useful in evaluating liver fibrosis grades.
With the TE value being longer, the 90" and
99t percentile demonstrated a significant
difference between different groups, par-
ticularly for the 99t percentile with higher
AUC. The 99* percentile is a measure indi-
cating the value below which 99% of the
signal intensity within the study group falls,
i.e., the maximum values of the histograms
are excluded. These 1% maximum values
may represent high signal intensity from
artifacts that were incorrectly included in
ROIs because of the limitations of manual
ROI placement. Exclusion of these 1% max-
imum values may lead to SWI data that are
more representative of the actual patholog-
ic characteristics of the liver parenchyma
itself. Compared with other parameters,
these two parameters had relatively higher
sensitivity, while the variance had greater
specificity. It could be hypothesized that
variance in combination with the 90" and
99t percentile measurements may be bet-
ter for evaluating liver fibrosis; further study
is required. In addition, we failed to demon-
strate a benefit for low percentiles for grad-
ing liver fibrosis. Low signal intensity on SWI
originates from the local magnetic suscepti-
bility of substances such as iron. A possible
explanation is that a low value represents
the iron that exists in the different liver fi-
brosis stages. Based on our study, kurtosis
did not provide valuable information for
staging liver fibrosis, and the diagnostic
performance of skewness (TE=2.5 or 5 ms)
for identifying advanced liver fibrosis was
relatively lower (AUC, 0.73 and 0.68, respec-
tively). A previous study by Jira et al. (25) in-
vestigating texture analysis of T2-weighted
imaging demonstrated positive results of
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Table 4. Performance of the valuable parameters of susceptibility-weighted MRI histogram analyses at
different TE values for identifying advanced liver fibrosis (F3/F4)

TE Parameters AUC p* Sensitivity ~ Specificity PPV NPV Cutoff

10ms  Variance 0.88 0.000 63 100 100 52 >1474722
95% Cl 0.76-0.95 46-78 78-100 86-100 32-71
99" percentile 0.68 0.047 89 53 83 67 >93
95% Cl 0.54-0.80 75-97 27-79  68-93  35-90

5ms Variance 0.69 0.036 87 53 79 40  >109.0921
95% Cl 0.55-0.81 72-96 27-79  61-91 19-64
Skewness 0.68 0.042 63 60 80 39 >0.2068
95% Cl 0.54-0.81 46-78 32-84  61-92 20-61

25ms  Skewness 0.73 0.003 74 67 85 50 >0.1281
95%Cl 0.59-0.84 57-87 38-88  68-95 27-73

TE, echo time; AUC, area under the receiver operating characteristics curve; 95% Cl, 95% confidence interval; PPV, positive

predictive value; NPV, negative predictive value.
*Pvalue for AUC.

kurtosis and skewness for assessing cirrho-
sis according to Child-Pugh scores; howev-
er, this study did not use histopathologic
results as a standard reference. Converse-
ly, we also realized that our dissatisfactory
results for kurtosis and skewness might be
because of sample errors for the small sam-
ple sizes of groups FO-F2 and the different
sequences in our study. In addition, interob-
server agreements of kurtosis were relative-
ly low in our group.

In this study, we failed to demonstrate
the benefits for grading liver fibrosis by the
mean parameter of histogram analysis at all
TE values. Contrary to our results, Balassy et
al. (21) found that by measuring mean signal
intensity, the liver-to-muscle ratio decreased
with the progress of liver fibrosis and strong-
ly correlated with liver fibrosis. This study
aimed to assess the heterogeneity of liver
parenchyma of the fibrosis by histogram
analysis; therefore, we only calculated the
direct mean signal intensity of the liver pa-
renchyma and did not consider the muscle
as reference. Furthermore, signal intensity
is highly dependent on technical variations
among SWI sequences generated by dif-
ferent MRI scanners. This might explain our
poor results for mean parameter measure-
ment compared with previous studies.

Recently, various TEs (2.5 or 10 ms) were
applied for abdominal SWI to evaluate liv-
er fibrosis and cirrhotic liver (21, 22, 31). In
theory, susceptibility-weighted images ac-
quired at a longer TE have a stronger sus-
ceptibility weighting and a lower image
quality (32). At 1.5 T, SWI with a TE of 20 ms
is equal to a TE of 10 ms at 3.0 T when con-

sidering susceptibility effects (22). In this
study, higher TE, particularly with TE=10 ms,
was found to be more accurate for staging
fibrosis. The severity of liver fibrosis is asso-
ciated with iron deposition (24) and images
acquired at longer TE provided additional
susceptibility contrast of iron-rich struc-
tures (32), resulting in the signal in the liver
parenchyma with iron deposits becoming
more evident by susceptibility contrast at
longer TE. Studies demonstrated that SWI
was the most sensitive imaging technique
to detect siderotic nodules in cirrhotic liver
compared with T1-, T2-, and T2*- weighted
imaging when TE was 10 ms (22, 31).
Several new methods, such as FibroScan,
DWI, perfusion, gadoxetic acid-enhanced
MRI, and magnetic resonance elastography
(11-20), are increasingly being used to as-
sess liver fibrosis and have shown potential
in predicting the severity of liver fibrosis.
A previous multicenter prospective study
showed that the diagnostic accuracy of Fi-
broScan was high for cirrhosis but poor for
significant fibrosis (F>2) (11). However, DWI
is less reliable because assessment of the
apparent diffusion coefficient is confounded
by fat and iron (33). Challenges in the state
of perfusion MRI of the liver include the dual
blood supplies of the liver, lack of uniform
measurement, and breathing motion during
the image acquisition. Gadoxetic acid-en-
hanced MRI should be used cautiously in
patients with renal insufficiency, particularly
in patients with a glomerular filtration rate of
<30 mL/min/1.73 m? (34). While MRl is high-
ly accurate and reliable in the diagnosis of
fibrosis (12), it requires the use of expensive
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equipment, and considerable expertise. MRI
histogram analysis is thus more beneficial
than the above techniques, particularly be-
cause analyses can be performed based on
routine SWI, and no additional scan time or
contrast medium is required.

This study had several limitations. First, this
was a retrospective study of prospectively
acquired data; sampling bias was difficult to
avoid, and the sample sizes for FO, F1, F2, and
F3 were relatively small, which may have in-
fluenced the accuracy of SWI in grading liver
fibrosis. Second, almost all the patients in our
study had viral hepatitis B (only one had an
uncertain underlying chronic disease), and all
suffered hepatic carcinoma. Patients with oth-
er CLD should be explored. Third, we routinely
performed the multi-echo SWI sequence us-
ing TEs=2.5/5/10 ms in clinical practice; there-
fore, the accuracy of histograms of SWI using
TEs higher than 10 ms remains unknown, and
needs further study. Fourth, we did not rou-
tinely measure liver iron content in pathologic
evaluation in our hospital; therefore, we did
not analyze the correlation between liver iron
content and SWI values.

In conclusion, SWI histogram analysis
holds promise to provide a noninvasive
quantitative method for staging liver fibro-
sis in patients with CLDs. The histogram pa-
rameter of variance for SWI with TE=10 ms,
which represents the heterogeneity of liver
parenchyma, could be helpful for identify-
ing advanced liver fibrosis or cirrhotic liver.
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