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Background: Noninvasive methods for the early diagnosis and staging of hepatic fibrosis are needed.
The present study aimed to investigate the alteration of magnetic susceptibility in the liver of patients with
various fibrosis stages and to evaluate the feasibility of using susceptibility to stage hepatic fibrosis.
Methods: A total of 30 consecutive patients with chronic liver diseases (CLDs) underwent magnetic
resonance imaging (MRI) and liver biopsy evaluation of hepatic fibrosis, necroinflammatory activity, iron
load, and steatosis. Quantitative susceptibility mapping (QSM), R2* and proton density fat fraction (PDFF)
images were postprocessed from the same gradient-echo data for quantitative tissue characterization using
region of interest (ROI) analysis. The differences for MRI measurements between cohorts of non-significant
(Ishak-F <3) and significant fibrosis (Ishak-F >3) and the correlation of MRI measurements with fibrosis
stages and necroinflammatory activity grades were tested. Receiver operating characteristic (ROC) analysis
was also performed.

Results: There was a significant difference in liver susceptibility between the cohorts of significant and
non-significant fibrosis (Z=-2.880, P=0.004). A moderate negative correlation between the stages of liver
fibrosis and liver susceptibility was observed (r=-0.471, P=0.015). Liver magnetic susceptibility differentiated
non-significant from significant hepatic fibrosis with an area under the receiver operating curve (AUC)
of 0.836 (P=0.004). A highly sensitive diagnostic performance with an AUC of 0.933 was obtained using
magnetic susceptibility and PDFF together (P<0.001).

Conclusions: A noninvasive liver QSM-based evaluation promises an accurate assessment of significant
fibrosis in patients with CLDs.

Keywords: Chronic liver disease (CLD); fibrosis; liver; quantitative susceptibility mapping (QSM)
Submitted Jun 01, 2020. Accepted for publication Oct 31, 2020.

doi: 10.21037/qims-20-720
View this article at: http://dx.doi.org/10.21037/qims-20-720

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2021;11(4):1170-1183 | http://dx.doi.org/10.21037/qims-20-720


https://crossmark.crossref.org/dialog/?doi=10.21037/qims-20-720

Quantitative Imaging in Medicine and Surgery, Vol 11, No 4 April 2021

Introduction

Hepatic fibrosis is a wound-healing response to repeated
damage to the liver caused by multiple pathogenic factors
including viral, autoimmune, drug-induced, cholestatic,
and metabolic diseases (1). Hepatic fibrosis, a pathological
progression common among most types of chronic liver
diseases (CLDs), can result in cirrhosis, progressive
hepatic dysfunction, portal hypertension, and in some
cases, hepatocellular carcinoma (2). Hepatic cirrhosis is
an irreversible process, but hepatic fibrosis progression
is potentially reversible through drug therapy based on a
careful and accurate evaluation of the extent of the hepatic
fibrosis. Therefore, with the number of patients suffering
from CLDs continually increasing, early diagnosis and
staging of hepatic fibrosis have significant clinical value for
patient management decisions, treatment stratification, and
prognostication.

Pathological assessment via liver biopsy is the current
gold standard for staging hepatic fibrosis. However,
this invasive procedure is risky because of potential
complications including hemorrhage, wound infection,
and perforation of other organs. Moreover, liver biopsy
is known to suffer from sampling errors due to fibrosis
heterogeneity (3). Therefore, the exploration of a reliable,
reproducible, and noninvasive alternative for detection
and accurate staging of hepatic fibrosis is a highly relevant
research topic.

With their excellent resolution and soft tissue contrast,
various magnetic resonance imaging (MRI) techniques
have been proposed for the noninvasive diagnosis and
staging of hepatic fibrosis, including diffusion-weighted
imaging (DWI) (4), MR perfusion imaging (5), dynamic
contrast-enhanced MRI (6), spin-lattice relaxation time
in the rotating frame (T'1rho) MRI (7,8), susceptibility-
weighted imaging (SWI) (9), MR elastography (MRE) (10),
and multiparametric MRI quantitative techniques (11,12).
However, the apparent diffusion coefficient (ADC) value
measured by DWI could be affected by steatosis and
iron overload (13). MR perfusion imaging in the liver
is complicated by the effects of a dual blood supply and
respiratory artifacts (5), while dynamic contrast-enhanced
MR imaging may carry a risk to patients with renal
insufficiency because of the injected [(Gd] contrast agent.
Tlrho MR imaging is rather sensitive to magnetic field
inhomogeneity, and this technique requires higher energy
deposition produced by radio frequency (RF). SWI is
a nonquantitative method with contrasts dependent on
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imaging parameters, and the tissue signal intensity ratio
is dependent on the sequence provided by different
MRI scanners. MRE is advantageous over ultrasound
elastography and other MRI-based techniques because of
its accuracy and reliability for diagnosing and grading liver
fibrosis; however, the requirement for costly additional
equipment limits its accessibility and application (13).
Meanwhile, a multiparametric imaging approach to the liver
may suffer from misregistration errors, because the images
of multiple contrasts have to be acquired with multiple
breath-holds.

Quantitative susceptibility mapping (QSM) is a post-
processing technique that can accurately provide the
quantitative distribution of susceptibility sources in
tissue (14). QSM cleans up the acquired, but often
discarded, phase information of the widely available
gradient echo (GRE) sequence (15) and performs the field-
to-source ill-posed inversion using Bayesian inference (16).
QSM has been applied to abdominal organs by accounting
for the fat contribution to the measured signal phase (17,18).
QSM reproducibility has been demonstrated in the brain
(19-23), lumbar vertebra (24), and liver (25,26). Hepatic
fibrosis is characterized by excessive accumulation of
extracellular matrix (ECM) proteins including collagen (1,3),
which can contribute to strong diamagnetic susceptibility
in the liver tissue due to the enhanced density of orbiting
electrons (27). A previous in-vitro QSM study demonstrated
that susceptibility was linearly dependent on collagen
concentration (28). Therefore, QSM provides a method
for measuring collagen to directly reflect the degree of
fibrosis and should be investigated as a feasible tool for the
noninvasive staging of hepatic fibrosis.

Thus, the purpose of this study was to investigate
changes in liver magnetic susceptibility in patients with
various stages of fibrosis, and to evaluate the feasibility of
using susceptibility to stage hepatic fibrosis.

Methods
Human subjects

This prospective study was conducted after obtaining
approval from the Institutional Review Board of Shuguang
Hospital affiliated with Shanghai University of Traditional
Chinese Medicine (approval number: 2018-625-54-01),
and written informed consent was obtained from each
participant. Thirty consecutive patients with suspected
or known CLDs who were willing to take an MRI-QSM
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30 patients assessed for MRI conventional
and MRI-QSM exams for suspected CLDs

A

30 patients underwent liver biopsy and
blood sampling

| 4 patients excluded due to the quality
“| of the tissue slice or staining etc.

A

26 consecutive patients included in further
analysis

Figure 1 Flowchart showing participant recruitment. CLD,

chronic liver disease; QSM, quantitative susceptibility mapping.

examination and biopsy were recruited for this study. MRI
was performed before the liver biopsy. The interval between
the MRI examinations, biopsy, and blood sampling was
within 2 days. Four of the patients were excluded due to the
poor quality of the tissue slice and staining. The final cohort
consisted of 26 patients. Figure 1 summarizes the patient
recruitment in this study.

MR imaging

The patients were imaged on a clinical 3T MRI system
(Skyra; Siemens Healthcare, Erlangen, Germany) using an
18-channel body coil in combination with some elements
of the spine coil. To obtain the susceptibility and R2* maps,
complex data were acquired by using a 3D monopolar
readout gradient volumetric interpolated breath-
hold examination (VIBE) sequence with the following
parameters: repetition time (TR) =11.3 ms, flip angle =4°,
echo number=6, the first echo time (TE,) =1.07 ms, echo
spacing =1.79 ms, bandwidth =1,060 Hz/pixel, field of view
(FOV) =400x350 mm®, matrix size =224x196x52, voxel size
=1.8x1.8x3.5 mm’. Additionally, a CAIPIRINHA parallel
imaging technique with an acceleration factor of 2x2 and
6/8 fractional Fourier transform in the phase-encoding
direction was used to reduce acquisition time. The
acquisition time for each sequence was 17 seconds during
one breath hold. Conventional MR images, including T1-
and T2-weighted images, were also acquired for anatomical
evaluation.

Image processing

Figure 2 is a schematic of the QSM reconstruction. Phase
images and magnitude images were extracted from the
complex MRI data. Simultaneous phase unwrapping and
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removal of chemical shift (SPURS) (29) using graph cuts
with conditional jump moves were first performed on the
phase images, followed by fine-tuning of the field map with
T2*-IDEAL with a single R2* and 6-peak fat model for the
combined water-fat signal (30). The output inhomogeneity
BO field of T2*-IDEAL was then processed with
background field removal using the projection onto dipole
field (PDF) method (31), and the remaining magnetic
field was processed to generate a susceptibility map using
the morphology enabled dipole inversion algorithm
(MEDI) (32) with the regularization parameter lambda set
to 1,000 and the parameter SMV set to 5 mm.

The proton density fat fraction (PDFF) image was
generated from the obtained fat and water images. PDFF
was defined by the following equation:

Pt
p/h! + pwmcr

PDFF = (1]
where P and Puaer are the signal amplitude of the fat
image and water image, respectively.

The data processing was performed using Matlab2016b
(MathWorks, Natick, MA, USA).

Image analysis

The image quality of the QSM images was assessed
independently by two radiologists (with 3 and 12 years’
experience in hepatic MRI) based on the radiological
impression of image blurring, deformity, and other artifacts,
and scored with the following 4 point scale: 0, poor image
quality with serious artifacts; 1, diagnostic with moderate
image quality and substantial artifacts; 2, diagnostic with
good image quality and marginal artifacts; and 3, diagnostic
with excellent image quality and no artifacts. Only QSM
images with acceptable image quality scores (>1) were used
for the analyses.

Liver magnetic susceptibility, R2*, and PDFF values
were measured using region of interest (ROI) analysis.
ROIs were manually drawn on the QSM images using
ITK-SNAP software (version 3.8.0, www.itksnap.org) by
the two radiologists mentioned above who were blinded
to the clinical history, blood markers data, and liver
biopsy results. First, through consensus, both reviewers
determined the single liver slice which contained an as-
large-as-possible cross section through the liver and the
least motion artifacts to measure. Then, ROIs ranging from
5 to 8 cm’ were independently placed in this consensus slice
in the anterior and posterior segment of the right lobe of
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Figure 2 The schematic view of liver QSM reconstruction. SPURS is performed on the magnitude and phase images (A) to initialize the
inhomogeneity magnetic field (B). Then, the T2*-IDEAL algorithm is performed, outputting water, fat, R2*, and fine field maps (C). The
fine field maps are then processed with background field removal to obtain the local magnetic field maps (D) using the PDF method. The
remaining magnetic field maps are processed to generate a susceptibility map (E) by MEDI. QSM, quantitative susceptibility mapping;

SPURS, simultaneous phase unwrapping and removal of chemical shift; IDEAL, iterative decomposition of water and fat with echo

asymmetry and least-squares estimation; PDE, projection onto dipole field; MEDI, morphology enabled dipole inversion algorithm.

Figure 3 The ROIs for QSM, R2*, and PDFF value
measurements. ROI analyses were performed at two locations
(anterior and posterior segment of the right lobe) in the liver
(L1, L2) and at two locations in the latissimus dorsi muscle (M1,
M2). To select a region in which the signal was as homogeneous
as possible and to avoid large blood vessels and cavities, L1 was
made larger than L2. ROI, regions of interest; QSM, quantitative
susceptibility mapping; PDFE, proton density fat fraction.
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the liver where a biopsy specimen was obtained (Figure 3).
The other two ROIs ranging from 1.8 to 3.6 cm’ in the
same slice were placed in the latissimus dorsi muscle on
either side of the spine as a reference for determining the
relative susceptibility in the hepatic parenchyma, as the
latissimus dorsi muscle does not accumulate iron (28,33).
All ROIs were drawn in the area in which the signal was
as homogeneous as possible, and large blood vessels and
cavities were avoided. ROIs in the liver were at least 7.2 mm
away from the air boundary, while ROIs in the latissimus
dorsi muscle were 3.6-7.2 mm away from the tissue border
and the air boundary. The ROIs were then copied to
corresponding R2* and PDFF images for measurements.
R2* and PDFF values were measured and averaged on the
liver ROIs, while the relative value between the averaged
values on the liver ROIs and on the latissimus dorsi muscle
ROIs was calculated as the hepatic susceptibility value.
To evaluate the reproducibility of the ROI sampling, the
above ROI drawing and analyses were repeated by both
radiologists after 4 months.
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Table 1 Ishak fibrosis scoring system

Score stage description

0 No fibrosis

1 Fibrous expansion of some portal areas, with or without
short fibrous septa

2 Fibrous expansion of most portal areas, with or without
short fibrous septa

3 Fibrous expansion of most portal areas with occasional
portal to portal (P-P) bridging

4 Fibrous expansion of portal areas with marked bridging
[portal to portal (P-P) and portal to central (P-C)]

5 Marked bridging (P-P and/or P-C) with occasional nodules
(incomplete cirrhosis)

6 Cirrhosis, probable, or definite

Blood markers and bistopathologic evaluations

Serum markers including serum alanine aminotransferase
(ALT, units per liter), serum aspartate aminotransferase
(AST, units per liter), g-glutamyl transpeptidase (GGT,
units per liter), serum albumin (Alb, grams per liter), total
serum bilirubin (Tbil, micromoles per liter), and the AST-
ALT ratio were used to assess liver function.

The liver biopsy specimens were obtained by an associate
physician in the Institute of Liver Diseases using an
automatic needle device (MAGNUM biopsy instrument,
Bard, USA) with a 16-gauge disposable needle (MN1620,
Bard, USA). Pathological samples of around 1 mm in
diameter and 17 mm in length were fixed with 10% formalin,
embedded in paraffin, and sectioned. The tissue slices were
stained with hematoxylin-eosin (HE), Masson’s trichrome,
reticulin, cytokeratin (CK) 7, CK19, CD34, CD8, hepatitis B
surface antigen (HBsAg), hepatitis B core antigen (HBcAg),
and Perls’ Prussian blue.

Hepatic fibrosis was evaluated semiquantitatively with
the modified Ishak histological activity index scale ranging
from 0—6 based on the reticulin and Masson’s trichrome
staining (34). A detailed scoring description is shown in
Table 1. The recent guidelines of the American Association
for the Study of Liver Diseases (AASLD) and the
European Association for the Study of Liver (EASL) both
recommended antiviral therapy for patients with evidence
of significant fibrosis (Ishak fibrosis score >3) (35,36), so we
performed further quantitative measurements based on this
classification: significant fibrosis (Ishak fibrosis score >3)
and non-significant fibrosis (Ishak fibrosis score <3).
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Necroinflammatory activity was evaluated semiquantitatively
according to the METAVIR scoring system (37) as follows:
0, none; 1, mild; 2, moderate; and 3, severe. According to the
proportion of hepatocytes containing fat vesicles based on
HE staining, liver steatosis was graded as follows: none, <5%;
slight, 5-33%; moderate, 33-66%; and severe, >66%. Iron
overload was classified as positive or negative based on the visual
assessment of iron granules with Prussian blue stain (38).

All the liver biopsies were graded by three hepatologists
independently, and the final scores were obtained by
consensus from at least two hepatologists. If the three
hepatologists had different results, liver biopsy samples
were evaluated and decided by the central hepatologist.

Statistical analysis

Grading scales of the image quality are expressed as median
[P25, P75], and differences between the two reviewers
were evaluated with Wilcoxon signed-rank test. Sex and
histopathologic grading are presented as numbers, whereas
descriptive statistics of all other variables are expressed
as medians and confidence intervals. The difference for
anthropometric, blood markers, and MRI measurements
between cohorts of non-significant (Ishak-F <3) and significant
(Ishak-F >3) fibrosis were tested by using the Mann-Whitney
U test. For the MRI measurements that were significantly
different between the two cohorts, the distribution for
each cohort is shown with box plots. A nonparametric
Spearman’s rank correlation test was performed to evaluate
the correlation of MRI measurements with fibrosis stages
and necroinflammatory activity grades. Receiver operating
characteristic (ROC) analysis was performed based on binary
logistic regression to assess the diagnostic utility of MRI
measurements (liver susceptibility, R2*, PDFE, and their
combinations) to differentiate non-significant from significant
fibrosis. The value that maximized the Youden index was
chosen as the optimal cutoff value. To evaluate pathological
distribution characteristics, Kendall's tau-b coefficient
was calculated to measure the degree of correspondence
between the fibrosis stage and other histopathologic grades
(necroinflammatory activity grade and liver steatosis extent).

To evaluate intra- and interobserver reproducibility,
reliability analysis was performed by calculating the
intraclass correlation coefficients (ICC) based on the QSM
ROI measurements.

All statistical tests were performed using SPSS software
(version 23.0; SPSS, Chicago, IL, USA) and OriginPro
software (version 8.0; OriginLab Corporation, MA, USA).
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Table 2 Comparison of the anthropometric measurements and blood markers between non-significant (Ishak-F <3) and significant (Ishak-F >3)

fibrosis groups

Parameters All subjects (n=26) Ishak-F <3 (n=11) Ishak-F =3 (n=15) P
Age (years) 48.00 (43.22, 52.93) 41.00 (37.17, 55.19) 48.00 (43.28, 55.66) 0.377
BMI (kg/m?) 23.95 (22.18, 25.31) 23.30 (20.03, 26.81) 24.20 (22.37, 25.61) 0.640
Sex
Male 17 8 9 0.500
Female 9 3 6
ALT (U/L) 40.00 (42.40, 132.75) 34.00 (19.86, 124.14) 41.00 (25.31, 172.69) 0.678
AST (U/L) 33.50 (32.78, 84.43) 43.68 (15.90, 80.43) 36.00 (25.18, 107.35) 0.194
GGT (U/L) 57.00 (35.79, 176.57) 48.00 (-30.61, 302.12) 60.00 (31.27, 137.71) 0.483
Alb (g/L) 41.95 (39.92, 43.49) 42.90 (39.36, 46.02) 41.30 (38.77, 43.18) 0.392
Thil (uUmol/L) 17.48 (15.46, 22.94) 15.20 (11.98, 24.46) 17.66 (14.66, 25.18) 0.622
AST/ALT 0.85 (0.74, 1.02) 0.67 (0.58, 1.07) 0.85(0.73, 1.11) 0.392

Sex is presented as numbers, while other data are expressed as medians and 95% confidence intervals. ALT, alanine aminotransferase;

AST, aspartate aminotransferase; GGT, g-glutamyl transpeptidase; Alb, albumin; Tbil, total serum bilirubin.

A P value <0.05 was considered statistically significant.

Results
Patient characteristics

The final cohort consisted of 26 patients (mean age,
48.08+12.03 years; range, 27-68 years) diagnosed with
CLDs on the basis of previous clinical, blood marker
exam results, and MRI. These patients, including 17 men
(mean age, 44.82+10.82 years; range, 27-64 years) and 9
women (mean age, 54.22+12.37; range, 33-68 years), had
the following CLDs: chronic hepatitis B (n=9, 34.6%),
cryptogenic hepatic fibrosis (n=5, 19.2%), hepatic injury
(n=2, 7.7%), steatohepatitis (n=1, 3.8%), steatohepatitis
with chronic hepatitis B (n=2, 7.7%), steatohepatitis
with autoimmune hepatitis with (n=1, 3.8%), alcoholic
hepatic disease (n=1, 3.8%), alcoholic hepatic disease
with schistosome (n=1, 3.8%), chronic hepatitis with
autoimmune hepatitis (n=1, 3.8%), primary biliary cirrhosis
(n=1, 3.8%), autoimmune hepatitis (n=1, 3.8%), and
primary biliary cirrhosis with hepatic injury (n=1, 3.8%).

Anthropometric measurements and blood markers

According to the Ishak fibrosis scores, 15 patients (58%)
had significant hepatic fibrosis (Ishak-F >3) and 11 patients

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(42%) had non-significant hepatic fibrosis (Ishak-F <3).
Anthropometric measurements, blood markers, and
imaging results are summarized in Table 2. There were no
statistically significant differences between the two fibrosis
cohorts in age, BMI, gender distribution, or blood markers.

QSM, R2%* and PDFF measurements

The image quality scores for QSM were diagnostic for
all patients, and thus all images could be used for further
analysis. No significant difference in image quality was
found between reviewer 1 [2.00 (1.00, 2.25)] and reviewer 2
[2.00 (1.00, 2.25)] (Z =-0.277, P=0.782).

The results of the MRI measurements are summarized
in Tuble 3. A significant difference in liver susceptibility
was observed between the two patient cohorts (Z =-2.880,
P=0.004). The mean susceptibility value of the significant
fibrosis cohort was 0.1051+0.0663 ppm, which was
significantly lower than that of the non-significant fibrosis
cohort (0.1971+0.0748 ppm). The susceptibility values
between the two cohorts are also illustrated with boxplots
in Figure 4. There were no significant differences in R2*
and PDFF values between the two cohorts. Only two of the
patients in this study had a PDFF value over 5.56%, which
was taken as the cutoff value for hepatic steatosis.

The results of the nonparametric Spearman’s rank
correlation test of the MRI measurements with the
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Table 3 Comparison of the MRI measurements in patients between non-significant (Ishak-F <3) and significant (Ishak-F >3) fibrosis groups
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Parameters All subjects (n=26) Ishak-F <3 (n=11) Ishak-F =3 (n=15) P

Xiver (PPM) 0.1471 (0.1106, 0.774) 0.1746 (0.1469, 0.2473) 0.1170 (0.0684, 0.1418) 0.004
R2* (s) 44.99 (40.60, 52.88) 45.30 (38.04, 56.15) 44.67 (37.16, 55.79) 0.815
PDFF 2.78% (2.40%, 5.00%) 1.90% (1.58%, 3.28%) 4.30% (2.43%, 6.76%) 0.102

Data are expressed as medians and 95% confidence intervals. y;.,, live susceptibility; PDFF, proton density fat fraction.

0.4

0.2

Xiver (PPM)

0.1F

0.0F

~0.1 ' !
' Ishak-F <3 Ishak-F >3

Hepatic fibrosis stage

Figure 4 Boxplot analysis of the liver susceptibility value between
cohorts of Ishak-F <3 and Ishak-F >3. The susceptibility value

decreased significantly with increasing fibrosis stage.

Table 4 The correlation analyses of MRI measurements with the
fibrosis stage and the necroinflammatory activity grade

Measurements Fibrosis stage l:;ci:\:ic:;ngfl;:atory
iner (PPM) r=—0.471 r=-0.168
P =0.015 P=0.412
R2* (s7) r=—0.001 r=0.010
P=0.996 P=0.961
PDFF r=0.272 r=0.278
P=0.178 P=0.168

r is Spearman’s rank correlation coefficient. y;..,, live
susceptibility; PDFF, proton density fat fraction.
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0.4 —
LinearFit =~ r=-0.471, P=0.015
95% Confidence intervals
X
0.3} <
X

Xiver (PPM)

0.0} 25

X

0 1 2 3 4 5 6
Hepatic fibrosis stage

-0.1

Figure 5 Correlation analysis of liver susceptibility values with
the Ishak fibrosis scores. The susceptibility values are moderately
and negatively correlated with the fibrosis stage. The correlation

coefficient was calculated using the Spearman’s rank correlation test.

fibrosis stages and necroinflammatory activity grades are
summarized in Tzble 4. There was a moderate negative
correlation between the susceptibility value and the
fibrosis stage of patients (=-0.471, P=0.015), which is
also shown in Figure 5. However, there was no significant
correlation of R2* or PDFF with the fibrosis stage. No
significant correlations of the MRI measurements with the
necroinflammatory activity grade were observed.

ROC analysis

Figure 6 shows the ROC curves of the MRI measurements
(liver susceptibility, R2*, PDFF, and their combinations)
for differentiating significant from non-significant hepatic
fibrosis. The areas under the curve (AUC), asymptotic
significance, and asymptotic 95% confidence intervals of
the MRI measurements for differentiating significant from
non-significant hepatic fibrosis are summarized in Table 5.
The ROC curves demonstrated that liver susceptibility
had a superior ability to differentiate non-significant from
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significant hepatic fibrosis (AUC =0.836, P=0.004) over R2*
(AUC =0.572, P=0.815) and PDFF (AUC =0.691, P=0.102).
The optimal cutoff value of susceptibility for non-significant
versus significant hepatic fibrosis was <0.1639 ppm with
the Youden index as 0.503. A better diagnostic performance
was obtained using susceptibility and PDFF together (AUC
~0.933, P<0.001).

Pathological distribution characteristics

The distribution of patients in each hepatic fibrosis stage,

ROC for Ishak-F <3 vs. Ishak-F >3

1.0F I—
0.8 F
206} ’
=
=
c
Q
[0}
0.4F
QSM
— R2*
—— PDFF
0.2F QSM + R2*
——— QSM + PDFF
—— QSM + R2* + PDFF
0.0E i 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity

Figure 6 The ROC curves of the MRI measurements (liver
susceptibility, R2*, PDFF, and their combinations) for
differentiating significant from non-significant hepatic fibrosis.
ROC, receiver operating characteristic; PDFF, proton density fat

fraction
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necroinflammatory activity grade, steatosis, and iron load
degree is summarized in Table 6. Kendall's tau-b rank
correlation test revealed that the fibrosis stage correlated
with an increasing necroinflammatory activity grade
(r=0.664, P<0.001). However, there was no significant
correlation between the fibrosis stage and the degree of
steatosis in hepatocytes (r=0.251, P=0.139).

Inter- and Intra-observer reliability

Interobserver reliability between the two reviewers was
almost perfect (ICC, 0.977; P<0.001; 95% confidence
interval: 0.949, 0.990). The intra-observer ICCs were
0.917 and 0.983 for the two reviewers, demonstrating good
reproducibility on the ROI measurements.

Discussion

Our results demonstrate the clinical feasibility and accurate
diagnostic performance of liver QSM for assessing and
staging hepatic fibrosis. QSM can noninvasively capture
the susceptibility change during the development of hepatic
fibrosis in patients with CLDs. Our data show that liver
susceptibility had a moderate negative correlation with
fibrosis stage, and that liver susceptibility values in patients
decreased significantly with significant fibrosis compared
to non-significant fibrosis. A highly accurate diagnostic
performance was achieved in the cohort of CLD patients by
integrating susceptibility and PDFF together. QSM is thus
a feasible noninvasive diagnostic tool for differentiating
fibrosis stages in patients with CLDs.

The QSM-based diagnostic accuracy in assessing
significant liver fibrosis found in this preliminary study (AUC
=0.933) has an obvious advantage over the serum biomarkers
(AUC =0.71-0.81) (39,40) and over multiparametric MRI

Table 5 The diagnostic performance of MRI measurements for differentiating significant from non-significant hepatic fibrosis

Diagnosis marker AUC Asymptotic significance Asymptotic 95% confidence intervals
QSM 0.836 0.004 (0.683, 0.989)
R2* 0.527 0.815 (0.301, 0.753)
PDFF 0.691 0.102 (0.482, 0.900)
QSM + R2* 0.818 0.006 (0.657, 0.979)
QSM + PDFF 0.933 <0.001 (0.837, 1.000)
QSM + R2* + PDFF 0.933 <0.001 (0.834, 1.000)

AUC, areas under the curve; QSM, quantitative susceptibility mapping; PDFF, proton density fat fraction.
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Table 6 Distribution of patients in each histopathologic grade

Qu et al. QSM of liver fibrosis in CLDs

Ishak fibrosis score

Histopathologic parameters

0 (n=2) 1 (n=3) 2 (n=6) 3 (n=5) 4 (n=4) 5 (n=2) 6 (n=4)

Necroinflammatory activity grade

0 2 3 3 2 0 0 0

1 0 0 2 0 3 0 0

2 0 0 1 2 1 2 1

3 0 0 0 1 0 0 3
Steatosis in hepatocytes

None: 0-5% 2 2 2 2 2 1 2

Slight: 5-33% 0 1 4 1 2 1 1

Moderate: 33-66% 0 0 0 2 0 0 1

Severe: >66% 0 0 0 0 0 0 0
Iron load

Negative 2 3 6 5 3 2 3

Positive 0 0 0 0 1 0 1

techniques such as FibroMRI (AUC =0.85) (12) and the liver
inflammation and fibrosis score (AUC =0.89) (11). Moreover,
the diagnostic accuracy of the QSM-based method matches
that of MRE (AUC =0.92-0.94) (41-43), which is arguably
the most accurate MRI technique for assessing liver fibrosis
among available the methods based on diffusion, perfusion,
Tlrho, or mechanics response (13). QSM-based fibrosis
assessment takes the chemical composition approach to
evaluating liver fibrosis by logistically integrating magnetic
susceptibility, proton density fat fraction, and R2* values
all derived from a single, widely available multiecho GRE
sequence without any additional hardware requirement.
QSM has also been demonstrated to be very reproducible
across scanner platforms (19) and readily applicable for
imaging the liver (25). In comparison, MRE takes the
mechanical approach to evaluating liver fibrosis by probing
the tissue with a mechanical wave and measuring its response,
necessitating expensive wave driver hardware. A QSM-based
approach may be combined with MRE for a more accurate
assessment of liver fibrosis, and a QSM-based approach may
be used when MRE hardware is not available.

It is well known that multifactorial and often disease-
specific hepatic injury leads to the initiation of fibrogenesis (3).
The stimuli followed by activation of the innate immune
system provoke a fibrogenic response with ECM-producing
myofibroblasts, and liver fibrosis is characterized by

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

excessive accumulation of ECM proteins including collagen
(1,3). These proteins have an enhanced density of orbiting
electrons and may contribute to strong diamagnetic
susceptibility in the tissue (27), as demonstrated in previous
studies with in-vitro collagen phantoms (28), articular
cartilage specimens (44), and the fibrotic liver tissues (45).
We found a moderate negative linear correlation between
the measured susceptibility values and the fibrosis stage of
the patients in this study, which suggests that an increase
in collagen quantity could be reflected by a decrease in
susceptibility, with this observed decrease in susceptibility
being closely related to the progression of fibrosis.

Liver iron and fat may also contribute to liver tissue
susceptibility. Iron overload leads to the accumulation
of iron in tissues and tends to follow distinct patterns in
which the liver is a common site of deposition, resulting in
an increase in tissue susceptibility due to its paramagnetic
effects. Lipids are less diamagnetic than water, resulting
in an increase in susceptibility (46). In our study, only two
of the patients were diagnosed as positive in iron overload
through liver biopsy, and half of the patients suffered from
slight-to-moderate steatohepatitis. It is unclear what value
R2* can add to fibrosis diagnosis by QSM in patients with
little iron overloading, and it may be more useful in patients
with more substantial liver iron overloading.

Hepatic steatosis existing alone or as a cofactor with
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other CLDs can exacerbate liver injury and make the liver
more vulnerable to factors that lead to liver inflammation
and fibrosis (47). Meanwhile, increasing evidence has
demonstrated that hepatic steatosis is an additional
metabolic risk factor of chronic hepatitis B-related
fibrosis (46). In our study, 42.3% of CLD patients suffered
from chronic hepatitis B. The histopathologic results
revealed that half of the patients suffered from slight-to-
moderate steatohepatitis. Although no statistical difference
of PDFF was observed between cohorts of non-significant
and significant fibrosis, there was a trend that the PDFF
value increased with the fibrosis stage, with a mean PDFF
value of 1.9% for patients with non-significant fibrosis and
4.3% for patients with significant fibrosis. This may explain
the increase on the AUC of susceptibility combined with
PDFE. Therefore, QSM combined with a PDFF biomarker
showed a better diagnostic performance than QSM alone.

The presence of fibrosis, fat, and iron in tissue
does not only alter the susceptibility of tissue but also
increases the local field inhomogeneity, which further
increases the R2* value (48). However, the presence of
necroinflammation with fibrosis reduces R2 and R2*
because liver inflammation is typically accompanied by
cell swelling, edema, and early loss of plasma membrane
integrity with an accumulation of inflammatory necrotic
tissue (49). No significant correlations of liver R2* with
the fibrosis stage or the necroinflammatory activity grade
were observed in this study. These results suggest that the
co-occurrence of fibrosis and necroinflammation—but not
that of fat or iron—renders the use of R2* problematic
for characterizing liver fibrosis in patients with CLDs.
This could explain why QSM combined with R2* as the
biomarker showed a decreased diagnostic performance
compared to QSM alone.

Chronic hepatitis B patients represented a significant part
of our study sample. Approximately one-third of cirrhosis
cases worldwide are caused by the hepatitis B virus (HBV)
infection (50), and liver fibrosis may develop to cirrhosis.
As the current gold standard of liver fibrosis, invasive liver
biopsy is a risky procedure, especially when HBV can spread
through blood. The drawbacks, which include patient
reluctance, pain, and potential complications, also cannot
be ignored. Therefore, by enabling accurate diagnosis of
the degree of liver fibrosis, QSM may potentially help
physicians better manage chronic hepatitis B patients and
make informed clinical decisions.

This study has some limitations. First, chronic hepatitis
B patients represented a significant part of our study.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Inhomogeneous distribution of CLD etiology may also have
an effect on the performance of the MRI measurements. A
further study should be performed on a larger number of
CLD patients with varying fibrosis stages and etiologies.
Second, the liver biopsy specimen had a 1 mm diameter
and 17 mm length, which may not be representative of the
whole liver tissue. Hepatic fibrosis, necroinflammatory
activity, iron load, and steatosis in this specimen may not be
representative of the whole liver because the development
of CLDs is very heterogeneous. Third, the cutoff values
were determined within a small sample. Further studies with
larger cohorts are needed to evaluate and validate clinically
efficient cutoff values. Fourth, the quantitative MR images
including QSM, R2*, and PDFF were generated under a
breath-hold sequence, which tended to have low signal-
to-noise ratio (SNR) and was prone to respiratory artifacts
due to the relatively long breath-hold duration of 17 s.
The acquisition time could be shortened by reducing the
number of slices and including only the central liver, but
this would also decrease the SNR. Reducing the spatial
resolution could shorten the acquisition time and improve
SNR, but the pixel size would be decreased. Both the low
coverage and low resolution would lead to loss of contrast
and errors in susceptibility maps (51,52). In future work, a
navigator motion compensation approach (53) may be used
for free-breathing data acquisition in liver QSM to produce
consistently good quality maps. Fifth, liver QSM acquisition
can be optimized by including in-phase echoes (25).
The top or bottom of the liver may have more artifacts
because a large variation of magnetic susceptibility and
background magnetic field exists in these regions and may
affect the reliability of the susceptibility measurement.
The preconditioning method can be used to deal with
the presence of air in the stomach and intestines of large
susceptibility contrasts from the liver (54). With these data
acquisition and reconstruction improvements, liver QSM
quality may be as robust as brain QSM (19) and suitable
for wide dissemination in clinical studies (23). Sixth, the
effects of various physiological and technical factors on
the susceptibility measurement may still need further
assessment.

In conclusion, a significant decrease in liver susceptibility
is associated with a corresponding progression in hepatic
fibrosis. Liver susceptibility may be a promising marker for
assessing significant fibrosis. With further study, QSM can
potentially be used as an alternative tool for the noninvasive
detection and diagnosis of the severity of hepatic fibrosis in
patients with CLDs.
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