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A B S T R A C T

Purpose: To show that both susceptibility-weighted imaging (SWI) and T2*-mapping are dependent on liver
steatosis, which should be taken into account when using these parameters to grade liver fibrosis and cirrhosis.
Methods: In this prospective study, a total of 174 patients without focal liver disease underwent multiparametric
MRI at 3 T including SWI, T1- and T2* mapping, proton density fat fraction (PDFF) quantification and MR
elastography. SWI, T2* and T1 were measured in the liver (4 locations), as well as in paraspinal muscles, to
calculate the liver-to-muscle ratio (LMR). Liver and LMR values were compared among patients with different
steatosis grades (PDFF < 5%, 5–10%, 10–20% and > 20%), patients with normal, slightly increased and in-
creased liver stiffness (< 2.8 kPa, 2.8–3.5 kPa and > 3.5 kPa, respectively). ANOVA with Bonferroni-corrected
post hoc tests as well as a multivariate analysis were used to compare values among groups and parameters.
Results: SWI and T2* both differed significantly among groups with different steatosis grades (p < 0.001).
However, SWI allowed a better differentiation among liver fibrosis grades (p < 0.001) than did T2* (p = 0.05).
SWI LMR (p < 0.001) and T2* LMR (p = 0.036) showed a similar performance in differentiating among liver
fibrosis grades.
Conclusion: SWI and T2*-mapping are strongly dependent on the liver steatosis grades. Nevertheless, both
parameters are useful predictors for liver fibrosis when using a multiparametric approach.

1. Introduction

Imaging-based detection and quantification of diffuse liver disease
represents a noninvasive surrogate for liver biopsies and allows re-
petitive, longitudinal follow-up and therapy guidance [1]. The current
noninvasive reference standard for liver fibrosis quantification is
magnetic resonance (MR) elastography [2,3], which allows the analysis
of the entire liver volume with a high interreader reliability and ac-
curacy [4,5] compared to histology [6]. However, MR elastography is
expensive and restricted to experienced tertiary centers [3,7], thus,
other noninvasive tools are of the utmost interest for grading liver fi-
brosis.

MR T2*-mapping is widely used to noninvasively quantify the liver
iron content in patients with hemochromatosis or thalassemia [8,9],
since the T2* relaxation time is shortened by iron due to B0 in-
homogeneities [10]. However, an increased liver iron content also re-
presents an important background alteration in liver fibrosis [11], since
cirrhotic nodules contain hemosiderotic depositions [12] and in-
creasing fibrosis stages are correlated with serum ferritin and liver iron
content [13]. Wang et al. showed that a decreased T2* relaxation time
is associated with an increase in the Child-Pugh classes in liver cirrhosis
[14], while Guimares et al. showed a similar association in precirrhotic
stages of fibrosis [15].

Using a similar approach, susceptibility weighted imaging (SWI) is
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based on a gradient-echo (GRE) technique that utilizes both magnitude
and phase information to increase the sensitivity for paramagnetic
substances [16]. SWI is routinely used to detect microhemorrhages in
the brain [17–19], but recent technical advances have allowed for ab-
dominal applications as well [20–22]. Zhang et al. demonstrated that
SWI could provide quantitative evaluation of renal fibrosis [23]. Ba-
lassy et al. showed that an increased SWI liver to muscle ratio (LMR)
correlates with an increasing liver fibrosis grade [24]. Other groups
have shown similar results for SWI in rabbits with induced liver fibrosis
[25,26]. One possible explanation are iron deposits in siderotic nodules,
another hypothesis is that SWI is highly sensitive to fibrotic alterations
in the interstitial matrix. Both SWI and T2* can be easily performed in
any Radiology department and do not need specific equipment such as
MR elastography. Those parameters represent interesting tools to
characterize liver fibrosis in combination with other MR imaging se-
quences.

Few studies have compared SWI and T2* in the liver in the presence
of steatosis. There is evidence that both SWI and T2* values are influ-
enced by intrahepatic fat [27–29]. Since patients with diffuse liver
disease often have coexistent liver steatosis [10,30,31], particularly in
the context of non-alcoholic fatty liver disease, more detailed knowl-
edge about the effect of liver fat and liver fibrosis on SWI- and T2*-
values is needed in order to differentiate between patients with and
without liver fibrosis.

The purpose of this study is to assess if SWI and T2*-mapping are
dependent on liver steatosis, which should be taken into account when
using these parameters to stage liver fibrosis in patients with chronic
liver disease.

2. Material and methods

2.1. Study population

This prospective cross-sectional Health Insurance Portability and
Accountability (HIPAA) compliant study was approved by the local
ethic commission (Kantonale Ethikkommission Bern, IRB number 282/
15) and was conducted after obtaining the patient’s written informed
consent. We consecutively included 184 study participants without
focal liver disease (no solid lesion > 1 cm), based on abdominal com-
puted tomography (CT) scans, without prior transjugular intrahepatic
portosystemic shunt (TIPS) or prior liver surgery. Excluded were 10
patients, due to portal vein thrombosis (n = 4), insufficient MRE
quality (n = 5) and abortion of MRI exam due to claustrophobia
(n = 1) (Fig. 1). There were no patients with iron overload (hemo-
chromatosis/thalassemia) in our study population. Indications for CT
scans varied between: trauma scans (n = 25), search for non-liver re-
lated tumors (n = 45), acute abdomen (n = 27), search for infection
focus (n = 36) and HCC screening (n = 26). In 15 participants, focal
liver disease has been excluded based on MRI. There was no known
history of liver disease in the patients with liver stiffness < 2.8 kPa. Out
of 51 patients with increased liver stiffness > 2.8 kPa, 15 patients had
viral hepatitis, 10 patients had an alcoholic liver disease and 10 patients
presented with NAFLD/NASH. Therefore, 16 patients had no known
history of chronic liver disease.

Enrolled patients underwent multiparametric MR imaging at 3 T in
our institution between 03/2016 and 02/2018, including SWI, T2* and
T1 mapping, proton density fat fraction (PDFF) quantification and MR
elastography. Patients were divided into three groups based on the liver
stiffness as measured on MR elastography stiffness maps by a radi-
ologist with 8 years of experience in liver imaging (A.T.H.) who was
blinded to the patient’s clinical history: normal liver stiffness (shear
modulus < 2.8 kPa, n = 123), slightly increased liver stiffness (shear
modulus 2.8–3.5 kPa, n = 21) and increased liver stiffness (shear
modulus > 3.5 kPa, n = 30). These cutoffs correspond to Metavir fi-
brosis stages of F0, F1 and ≥ F2, respectively) [6]. Patients with normal
liver stiffness were then grouped based on their liver fat content as

measured by the same radiologist per the PDFF (< 5%, 5–10%,
10–20%, > 20%, n = 38, 59, 19 and 7, respectively) [30,32]. Clinical
information and laboratory test results were recorded. The clinical
parameters included age, gender, body mass index (BMI),history of
diabetes or hypertension, tobacco use and alcohol consumption. Bio-
logical parameters included dyslipidemia, platelet count, quick value,
total bilirubin levels, gamma-glutamyl transpeptidase (GGT), aspartate
aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase, albumin, creatinine, hematocrit and serum ferritin level.

2.2. MR imaging technique

Patients were examined with a 3 T-MR system (Verio, Siemens
Healthineers, Erlangen, Germany) in a fasting state (4 h prior to exam).
For T2* mapping, a multiecho gradient echo (GRE) single breath-hold
sequence (12 echoes with an echo time (TE) between 0.93–14.2 ms,
repetition time (TR) of 200 ms, flip angle (FA) 18°, field-of-view (FOV)
400, 10 mm slice thickness) was performed and T2* maps were gen-
erated on three single slices in the upper, mid and lower liver. For
susceptibility weighted imaging we used a 3D GRE-based SWI sequence
(TE of 20 ms, TR of 27 ms, in-plane resolution of 2.1 x 1.4 mm, and a
through-plane resolution of 4 mm with 10% slice oversampling, FOV
350, FA 15°). T1 mapping was acquired with an axial MOLLI single
breath-hold sequence (TE of 1.01 ms, TR of 740 ms, inversion time (TI)
225 ms, FA 35°, 8-mm slice thickness, FOV (FOV) 384, matrix
154 × 192 pixels). Diffusion weighted imaging was performed using a
TR of 3200 ms, TE of 53.2 ms, slice thickness of 5 mm with b-values of
50, 180 and 700 s/mm [2] and calculation of apparent diffusion coef-
ficient (ADC) maps.

All exams were performed using a body array coil. The PDFF was
calculated using the Dixon method with axial T1-weighted VIBE images
(TE of 2.45 ms and 3.68 ms, TR of 5.47 ms, FA 9°, 3 mm slice thickness,
and scan time of 22 s) to differentiate patients with and without liver
steatosis. For MR elastography, a pneumatic driver (Resoundant,
Rochester, MN, USA) was placed on the right upper quadrant, trans-
mitting shear waves by continuous acoustic vibrations with a frequency
of 60 Hz. The liver shear stiffness in kPa in the right liver lobe was
determined with a gradient echo-based elastography sequence on 3
single-slice acquisitions with 5 mm slice thicknesses using the 95%
confidence map of stiffness. A shear modulus ≥2.8 kPa and < 3.5 kPa
was considered to represent a slightly increased liver stiffness (corre-
sponding to histology fibrosis grade F0-F1, according to the Metavir
staging system), while a shear modulus ≥3.5 kPa was defined as liver
fibrosis (corresponding to clinically significant liver fibrosis with his-
tology fibrosis grade ≥ F2) [3,6,33].

2.3. MR image analysis

Corresponding to methods published before [24], 4 polygonal re-
gions of interest (ROI) were drawn on the SWI images in the segments
of the left (II/III, IVa/IVb) and right (VII/VI, VIII/VI) liver on the level
of the portal vein by two others radiologists with 6 and 3 years of ex-
perience in liver imaging (V.C.O. and N.M.) who were also blinded to
the patient’s clinical history. Large vessels, bile ducts and partial vo-
lume, including air or perihepatic fat at the liver border were excluded.
In addition, 2 ROI were drawn on both sides in the paravertebral
muscles on the level of the liver, and the liver-to-muscle ratios for each
parameter were calculated using the mean values. The same measure-
ments were performed on the T2*- and T1- maps. The mean ROI size
was 685 ± 203 mm2 [2]. The shear modulus (in kPa) on MR elasto-
graphy images and PDFF (in %) in the right liver were measured on
three slices, using polygonal ROIs. The median value of the three ROIs
was then calculated.
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Fig. 1. Study participants workflow chart.
184 patients without focal liver disease on CT were
included. Excluded were 10 patients, due to portal vein
thrombosis (n = 4), non diagnostic MRE quality
(n = 5) and abortion of MRI exam due to claus-
trophobia (n = 1). Of the 174 patients included in
analysis, 123 patients had normal liver stiffness (shear
modulus < 2.8 kPa), 21 had slightly increased liver
stiffness (shear modulus 2.8–3.5 kPa) and 30 patients
had at least moderately increased liver stiffness (shear
modulus > 3.5 kPa). Patients with normal liver stiff-
ness were grouped based on the degree of steatosis:
n = 38 with PDFF < 5%, n = 59 5–10%, n = 19
10–20% and n = 7 > 20%.
CT = Computed tomography, MRI = Magnetic re-
sonance imaging, PDFF = Proton density fat fraction,
MRE = MR elastography, kPa = kilo Pascal.

Table 1
Baseline Characteristics based on liver stiffness.

< 2.8 kPa 2.8-3.5 kPa > 3.5 kPa P-value

Mean ± SD n Mean ± SD n Mean ± SD n

Male 48% 59/123 71% 15/21 60% 18/30 0.095
Age, years (all) 49 ± 15 123 58 ± 14 21 58 ± 10 30 0.002

Age, years (male) 52 ± 15 59 58 ± 15 15 56 ± 11 18 0.269
Age, years (female) 46 ± 14 64 57 ± 15 6 60 ± 7 12 < 0.001

BMI, kg/m [2] 26 ± 7 119 29 ± 6 21 29 ± 7 26 0.001
Tobacco 16% 20/123 33% 7/21 60% 18/30 < 0.001
Alcohol 6% 7/123 29% 6/21 70% 21/30 < 0.001
Arterial hypertension 16% 20/123 33% 7/21 47% 14/30 0.007
Chronic renal insufficiency 1% 1/123 0% 0/21 3% 1/30 0.444
Dyslipidemia 7% 9/123 33% 7/21 13% 4/30 0.002
Diabetes 5% 6/123 19% 4/21 30% 9/30 < 0.001
≥ 1 drug daily 21% 26/123 29% 6/21 60% 18/30 < 0.001
≥ 2 drugs daily 6.5% 8/123 15% 3/21 43% 13/30 < 0.001

Creatinine, μmol/l 79 ± 21 78 82 ± 18 18 77 ± 22 27 0.374
AST, U/l 28 ± 17 45 33 ± 22 13 48 ± 23 24 < 0.001
ALT, U/l 34 ± 38 59 58 ± 74 17 42 ± 29 24 0.004
GGT, U/l 40 ± 47 52 49 ± 36 16 160 ± 135 25 < 0.001
Alkaline phosphatase, U/l 74 ± 32 44 70 ± 24 14 107 ± 53 23 0.015
Bilirubin, μmol/l 10 ± 7 39 8 ± 4 13 25 ± 19 24 < 0.001
Albumin 36 ± 7 32 33 ± 5 10 33 ± 7 25 0.043
Quick, % 97 ± 11 54 94 ± 14 13 74 ± 19 24 < 0.001
APRI 0.53 ± 1.28 24 0.26 ± 0.33 11 1.70 ± 1.90 17 < 0.001
Ferritin 213 ± 348 29 222 ± 170 7 269 ± 208 22 0.177

Values represent the percentage, mean ± SD or n. P-values were calculated using the Mann-Whitney U or Fisher’s exact test, as appropriate.
BMI = body mass index; HDL = high-density lipoproteins, LDL = low-density lipoproteins, AST = aspartate aminotransferase; ALT = alanine aminotransferase;
GGT = gamma-glutamyl transferase; INR = International normalized ratio, evaluating the extrinsic pathway of coagulation, APRI = aspartate aminotransferase-to-
platelet ratio index.
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Table 2
Baseline characteristics based on PDFF in patients with normal liver stiffness.

< 5% 5-10% 10-20% > 20% p-value

Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n

Male 45% 17/38 46% 27/59 58% 11/19 57% 4/7 0.256
Age, years (all) 43 ± 13 38 50 ± 16 59 55 ± 11 19 58 ± 12 7 0.005
Age, years (male) 45 ± 16 17 55 ± 15 27 56 ± 10 11 56 ± 14 4 0.189

Age, years (female) 42 ± 11 21 45 ± 16 32 54 ± 13 8 62 ± 10 8 0.043

BMI, kg/m [2] 24 ± 4 35 26 ± 9 58 28 ± 5 19 32 ± 4 7 < 0.001
Tobacco 21% 8/38 17% 10/59 11% 2/19 0% 0/7 0.410
Alcohol 2.6% 1/38 6.8% 4/59 11% 2/19 0% 0/7 0.564
Arterial hypertension 16% 6/38 12% 7/59 37% 7/19 14% 1/7 0.172
Chronic renal insufficiency 0% 0/38 1.70% 1/59 0% 0/19 0% 0/7 0.779
Dyslipidemia 2.6% 1/38 48% 7/59 5.3% 1/19 0% 0/7 0.296
Diabetes 5.3% 2/38 1.70% 1/59 5.3% 1/19 29% 2/7 0.021
≥ 1 drug daily 18% 7/38 23% 14/59 21% 4/19 5.7% 1/7 0.896
≥ 2 drug daily 2.6% 1/38 8.5% 5/59 5.3% 1/19 14% 1/7 0.56

Values represent the percentage, mean ± SD or n. P-values were calculated using the Mann-Whitney U or Fisher’s exact test, as appropriate.
PDFF = Proton density fat fraction, BMI = body mass index; HDL = high-density lipoproteins, LDL = low-density lipoproteins, AST = aspartate aminotransferase;
ALT = alanine aminotransferase; GGT = gamma-glutamyl transferase; INR = International normalized ratio, evaluating the extrinsic pathway of coagulation,
APRI = aspartate aminotransferase-to-platelet ratio index.

Table 3
Comparison of SWI, T2* and T1 with and without the muscle ratio in patients according to liver stiffness.

Liver shear modulus Post hoc tests

< 2.8 kPa 2.8-3.5 kPa > 3.5 kPa ANOVA < 2.8 vs. 2.8-3.5 kPa < 2.8 vs. > 3.5 kPa 2.8-3.5 vs. > 3.5 kPa
Mean ± SD Mean ± SD Mean ± SD p-value p-value p-value p-value

SWI Liver 84 ± 32 71 ± 27 46 ± 29 < 0.001 0.388 < 0.001 0.051
SWI L/M (%) 81 ± 27 66 ± 21 45 ± 26 < 0.001 0.105 < 0.001 0.074
T2* Liver 19 ± 5 17 ± 3 17 ± 4 0.050 0.298 0.127 1.000
T2* L/M (%) 86 ± 24 76 ± 17 69 ± 19 0.036 0.613 0.052 1.000
T1 Liver 780 ± 84 806 ± 125 919 ± 85 < 0.001 1.000 < 0.001 < 0.001
T1 L/M (%) 72 ± 11 75 ± 11 87 ± 10 < 0.001 0.564 < 0.001 0.004

Mean values and standard deviations are presented for signal intensities of SWI and for parametric values of T2* and T1 in ms in the liver as well as their liver-to-
muscle ratio (demonstrate as %) for different patient groups depending on their liver stiffness grade measured as shear modulus in kPa (< 2.8 kPa, 2.8–3.5
and > 3.5 kPa). ANOVA with Bonferroni corrected post hoc tests was used for statistical testing.
SD = Standard deviation, SWI = susceptibility weighted imaging, L/M = Liver-to-muscle ratio.

Fig. 2. SWI and T2* values in different fi-
brosis groups.
Column diagram of SWI liver values (A), SWI
liver to muscle ratio (LMR) values (B), T2*
liver values (C) and T2* LMR values (D) for
stiffness groups < 2.8 kPa, 2.8–3.5 kPa
and > 3.5 kPa. Differences between the SWI SI
and SWI LMR results in the stiffness
groups < 2.8 kPa and > 3.5 kPa were statisti-
cally significant (p < 0.001, ANOVA with
Bonferoni corrected post hoc tests) while other
group comparison or results in T2* liver and
T2* LMR were not.
SWI = susceptibility weighted imaging,
LMR = liver to muscle ratio, IQR =
Interquartile range.
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2.4. Statistical analysis

The analysis was performed with the statistical software package R
(version 3.4.1, R Foundation for Statistical Computing, Vienna, Austria)
[19] and GraphPad Prism (Version 7.1, GraphPad Software Inc., La
Jolla, CA, USA). The clinical characteristics (baseline characteristics
and laboratory blood results as described in the section “study popu-
lation”) were compared among groups using the Wilcoxon test for
continuous variables or Fisher’s exact test for categorical variables. The
p-value for significance was < 0.05.

ANOVA type II analysis with post hoc multiple comparisons of the
means (Tukey Contrasts with Bonferroni correction) was used to com-
pare SWI and T2*, as well as the respective LMR and ADC among
groups.

A multivariate linear model was performed to assess the combined
prediction of liver fibrosis with different MR parameters (as T1, T2*,
SWI and PDFF).

Bland-Altman analysis was used to evaluate inter-reader agreement

for SWI and T2* measurements.

3. Results

3.1. Patient characteristics

Of the 174 patients, 123 patients had normal liver stiffness (shear
modulus < 2.8 kPa), 21 had slightly increased liver stiffness (shear
modulus 2.8–3.5 kPa) and 30 patients had increased liver stiffness
(shear modulus > 3.5 kPa). Patients with a normal liver stiffness were
grouped based on the degree of steatosis [30,32]: n = 38 with PDFF
< 5%, n = 59 5–10%, n = 19 10–20% and n = 7 > 20% (Fig. 1).

Patient characteristics based on liver stiffness groups are shown in
Table 1. Patients with increased liver stiffness were more frequently
smokers and consumed more alcohol (both p < 0.001). In patients
with increased liver stiffness, various liver-related laboratory para-
meters were increased (AST, ALT, ALP, Bilirubin, Quick/INR and APRI).
When compared to patients with no steatosis, the BMI was significantly

Table 4
Comparison of SWI, T2* and T1 with and without the muscle ratio in patients with normal liver stiffness, but with different degrees of steatosis.

Patients with normal liver stiffness (< 2.8 kPa) ANOVA Post hoc tests

PDFF PDFF

< 5% 5-10% 10-20% > 20% < 5 vs. 5-
10%

< 5 vs. 10-
20%

< 5 vs.
> 20%

5-10 vs. 10-
20%

5-10 vs.
> 20%

10-20 vs.
> 20%

Mean ± SD Mean ± SD Mean ± SD Mean ± SD p-value p-value p-value p-value p-value p-value p-value

SWI Liver 98 ± 30 89 ± 26 65 ± 33 42 ± 16 < 0.001 0.862 < 0.001 < 0.001 0.012 0.012 0.400
SWI L/M (%) 92 ± 26 85 ± 22 62 ± 27 47 ± 19 < 0.001 1.000 < 0.001 < 0.001 0.005 0.003 1.000
T2* Liver 22 ± 4 19 ± 5 17 ± 4 15 ± 2 < 0.001 0.001 < 0.001 < 0.010 0.864 0.091 1.000
T2* L/M (%) 96 ± 24 87 ± 23 72 ± 18 69 ± 16 0.009 0.793 0.022 0.101 0.267 0.539 1.000
T1 Liver 812 ± 72 756 ± 77 786 ± 88 899 ± 45 < 0.001 0.005 1.000 0.039 0.882 < 0.001 0.006
T1 L/M (%) 74 ± 13 69 ± 9 72 ± 8 78 ± 6 0.084 0.295 1.000 1.000 1.000 0.248 1.000

Mean values and standard deviations are presented for signal intensities of SWI and parametric values of T2* and T1 in ms as well as their liver-to-muscle ratio for
different patient groups depending on their steatosis grade based on PDFF quantification (< 5%, 5–10%, 10–20% and > 20%). ANOVA with Bonferroni corrected
post hoc tests was used for statistical testing.
SD = Standard deviation, SWI = susceptibility weighted imaging.

Fig. 3. Correlation among degree of stea-
tosis and T2* and SWI.
Comparison of A) SWI and PDFF and C) T2*
and PDFF with a significant correlation (r=-
0.51, p < 0.001 and r=-0.43, p < 0.001,
respectively). Correlating LMRs in B) SWI LMR
and D) T2* LMR do show significant correla-
tion as well, however with smaller correlation
coefficients (r=-0.47, p < 0.001 and r=-
0.34, p < 0.001, respectively).
PDFF = Proton density fat fraction,
SWI = susceptibility weighted imaging,
SI = Signal intensity.
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higher in patients with a higher degree of liver steatosis (Table 2). In
addition, patients with a higher degree of steatosis showed a sig-
nificantly higher prevalence of diabetes.

3.2. Differentiating the severity of fibrosis

As shown in Table 3 and Fig. 2, the SWI signal intensities and T1
relaxation time values were significantly different (p < 0.001) among
patients with normal (shear modulus < 2.8 kPa), slightly increased
(shear modulus 2.8–3.5 kPa) and at least moderately increased liver
stiffness (shear modulus > 3.5 kPa). The T2* values in patients with
increased liver stiffness were shorter than in those with normal liver
stiffness, as a borderline trend without reaching statistical significance
(p = 0.05). The SWI, T2* and T1 LMR performed similar to the isolated
liver parameters in grading liver fibrosis (Table 3). Mean ADC values
were not statistically different between the three groups (< 2.8 kPa:
1188 × 10−6 m/s2, 2.8–3.5 kPa: 1167 × 10−6 m/s2, > 3.5 kPa
1154 × 10−6 m/s2, p = 0.65).

3.3. Comparison of different steatosis grades

The results for subjects with normal liver stiffness and different
degrees of hepatic fat content are shown in Table 4. The SI on the SWI
as well as the T2* relaxation time decreased significantly with an in-
creasing amount of liver fat (both p < 0.001), Fig. 3. The SI on SWI
was 98 ± 30 and the T2* relaxation time was 22 ± 4 ms in patients

with PDFF < 5%, while in patients with PDFF > 20% they were
42 ± 16 and 15 ± 2 ms, respectively. This corresponds to a decrease
of about 50% for SWI SI and a third for T2* times, Table 4. Fig. 4 de-
monstrates these observations in three patient examples with normal
findings (upper row), a patient with normal stiffness but steatosis
(middle row) and a patient with increased stiffness and only slight
steatosis (lower row). Mean ADC values did not show significant dif-
ference among patients with different steatosis grades (PDFF < 5%:
1157 × 10−6 m/s2, 5–10%: 1204 × 10−6 m/s2, 10–20%:
1174 × 10−6 m/s2, > 20%: 1141 × 10−6 m/s2, p = 0.34).

3.4. Differentiating the severity of fibrosis depending on different steatosis
grades

As shown in Fig. 5, both liver stiffness and steatosis result in de-
creased SWI and T2* values. While SWI and T2* decrease in patients
with increasing degree of liver steatosis, SWI and T2* also decreases in
patients with same degree of steatosis but increasing liver stiffness.

3.5. Multivariate linear regression analysis

If PDFF, T1 and age were combined with SWI or T2* in the liver,
both were independent predictors for liver fibrosis. A combination of
SWI or T2* with age, PDFF and T1 in a multiparametric model showed
a multiple r [2] of 0.38 and 0.44, respectively (Table 5).

Fig. 4. Patient examples with different amounts of liver steatosis and fibrosis.
In the top row, the SWI image (left display), T2* Map (middle display) and Stiffness Map (right display) of a 24-year-old healthy female subject are shown. The PDFF
was 4%, the shear modulus measured on the MR Elastography stiffness map was 1.5 kPa, the signal intensity on the SW images was 167 and the T2* time was 25 ms.
In the middle row an example of a patient with steatosis but normal liver stiffness is demonstrated. In this 61-year-old male patient the PDFF was 36%, the shear
modulus measured on the MR Elastography stiffness map was 2.6 kPa and the signal intensity on the SW images was 31. The bottom row shows an example of a
patient with increased stiffness (3.2 kPa) and minimal steatosis (6%). In this 71-year-old male the signal intensity on SW images was 68 ms and the T2* time was
19 ms.
PDFF = Proton density fat fraction, MR elastography = Magnetic resonance elastography. SW = susceptibility weighted.
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3.6. Interreader agreement

Blant Altman-Plots, Fig. 6, show good inter-reader agreement for
SWI and T2* with more variation for SWI measurements.

4. Discussion

This study demonstrates that both the SWI and T2* relaxation times
are dependent on the presence of liver fat, while SWI is more dependent
than T2*. Fat is a known influencing parameter of the T2* relaxation

time [13,29,34], but literature on the effect of fat on SWI is sparse. Our
results are in a certain discordance with Balassy et al. [24], who re-
ported that SWI LMR did not correlate with steatosis (r = -0.18,
p = 0.11 vs. r = -0.47, p < 0.001 in this study). However, Balassy
et al. investigated a homogeneous group of patients with mostly ad-
vanced fibrosis grades and not much heterogeneity in terms of liver
steatosis. Since our results show SWI and T2* dependency of fat, the
stage of fibrosis may be overestimated in the presence of steatosis,
which should be taken into account when using SWI and T2* in the
assessment of fibrosis.

The better performance of SWI alone in separating the degrees of
fibrosis than T2* alone (without multiparametric approach) might be
explained by the fact that SWI uses both phase and magnitude in-
formation [35,36], consisting of an original magnitude image multi-
plied by a high pass filtered-phase mask image [37]. In contrast, T2*
mapping is solely based on the magnitude information but has the
advantage of absolute quantification of the T2*-relaxation times. Due to
these technical differences, SWI is more susceptibility-weighted than
T2* and is therefore more sensitive in detecting hemosiderotic pro-
ducts, which is why it is routinely used to detect microhemorrhages in
the brain [38]. Due to its higher susceptibility weighting, SWI might
allow better liver fibrosis detection than T2* mapping, as it is able to
detect siderotic nodules with a higher sensitivity [39–41]. However,
there is evidence of SWI correlating with fibrosis in other organs such as
the kidneys [23], suggesting that not only the presence of iron but also
alterations of magnetic susceptibility information detected by SWI fi-
brotic alterations in the interstitial matrix and the inter- and extra-
cellular spaces, liver cell degeneration, necrosis and regeneration are
responsible for the observed decrease of SWI signal and T2* relaxation
times [26].

In accordance with Balassy et al. [18], our results show that SWI
allows noninvasive detection of liver fibrosis. However, we found that
direct measurements of SWI signal intensity in the liver performed very

Fig. 5. Correlation of SWI and T2* with MR elastography and PDFF.
Comparison of SI of A) SWI and C) T2* and liver stiffness. Comparison of LMR of B) SWI and D) T2*. Different steatosis grades are color coded with dark green:
PDFF < 5%, light green: PDFF 5–10%, orange: PDFF 10–20% and red: PDFF > 20%. For better visibility two patients (Patient 1: Shear modulus 10.5 kPa, PDFF 8%,
SWI 36, T2* 21 ms, Patient 2: Shear modulus 16.7 kPa, 1% PDFF, SWI 18, T2* N/A). It is nicely seen that SWI and T2* values decrease from left to right and thus with
increasing liver stiffness measured through the shear modulus. Further, there is a clear dominance of green (PDFF < 5%) dots within higher values, while red coded
datapoints (PDFF > 20%) all exhibit lower values.
SWI = susceptibility weighted imaging, PDFF = Proton density fat fraction, SI = Signal intensity.

Table 5
Multivariate regression analysis including PDFF, age and T1 for the prediction
of liver fibrosis.

Estimate Std. Error t-value Pr(> |t|) Multiple r [2]

(Intercept) −221.49 77.93 −2.84 0.005 0.38
PDFF −4.75 1.37 −3.46 < 0.001
age 2.09 0.53 3.94 < 0.001
SWI 0.63 0.08 7.45 < 0.001
T1 −1.29 0.29 −4.49 < 0.001

(Intercept) −337.56 75.91 −4.45 < 0.001 0.44
PDFF −6.24 1.45 −4.32 < 0.001
age 2.21 0.56 3.95 < 0.001
T2* 0.98 0.10 9.90 < 0.001
T1 −13.25 2.38 −5.56 < 0.001

(Intercept) −243.06 78.03 −3.12 0.002 0.42
PDFF −6.66 1.55 −4.29 < 0.001
age 2.23 0.54 4.15 < 0.001
SWI 0.79 0.10 7.72 < 0.001
T2* −1.10 0.31 −3.56 < 0.001
T1 −5.63 2.67 −2.11 0.037

Multivariate regression analysis using liver stiffness from MR elastography as
reference standard. P-value for all < 0.001.
PDFF = proton density fat fraction, SWI = susceptibility weighted imaging.
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similar to the SWI LMR. While the advantage of T2* in the quantifi-
cation of liver iron is extensively published in the literature [8,9,42],
there are only a few studies describing its value in the assessment of
liver fibrosis, mostly in a preclinical setting [43]. One of the few clinical
studies showed that the T2* values of the liver allowed for distin-
guishing patients with liver cirrhosis from healthy controls, which is in
accordance with our results [14].

Interestingly, T2* performed better than SWI in staging liver fibrosis
when combined in a multiparametric model with the patient’s age,
PDFF and T1. This might be explained by the hypothesis that T2*
measurements are better applicable compared to the SWI relative signal
intensities, when the possible confounding steatosis effect is corrected
by the PDFF in the multivariate model. Other studies showed the use-
fulness of multiparametric combinations of MR imaging biomarkers to
predict fibrosis, such as the combination of SWI, the apparent diffusion
coefficient (ADC) or the relative enhancement after the injection of
gadoxetic acid [44]. We therefore believe that both T2* and SWI re-
present interesting imaging biomarkers that allow a multiparametric
combination with other MR techniques for liver tissue characterization.

Our study has several limitations. First, liver biopsy, seen as the best
reference standard, was not available in this study due to ethical con-
siderations. To assess liver fibrosis we used MR elastography as the non-
invasive reference standard, this allowed us to investigate a general
patient population with and without known chronic liver disease. MR
elastography has shown excellent accuracy with biopsy-confirmed fi-
brosis grades [45,46]. Another issue is that T2* decay may no longer be
monoexponential in the presence of fat [10]. A multipeak fat spectral
modeling of T2* decay might therefore allow a better T2* estimation to
predict liver fibrosis [27,47]. Patient numbers in subgroups with both
increased liver stiffness and different degrees of steatosis were too small
for subgroup analysis. Therefore analysis of the effects of coexisting
fibrosis and steatosis is limited. Nevertheless we do see significant in-
fluence of fibrosis and steatosis on both SWI and T2*. A follow-up study
should therefore calculate cutoff values of SWI and T2* in different
histology proven stages of fibrosis, adapted to the degree of steatosis. In
higher degrees of steatosis, lower cutoff values of SWI and T2* would be
expected than in patients without steatosis to adequately predict fi-
brosis.

5. Conclusions

In conclusion, SWI- and T2*-mapping are highly dependent on liver
steatosis grades. Nevertheless, both parameters are useful predictors for
liver fibrosis when using a multiparametric approach. While SWI per-
formed better than T2* in separating patients with and without liver
fibrosis, T2* performed slightly better in a multiparametric combina-
tion with MR elastography, PDFF, and T1.
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