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Purpose: To characterize the magnetic susceptibility changes of liver fibrosis using 
susceptibility tensor imaging.
Methods: Liver biopsy tissue samples of patients with liver fibrosis were obtained. 
Three‐dimensional gradient‐echo and diffusion‐weighted images were acquired at 9.4 T.  
Susceptibility tensors of the samples were calculated using the gradient‐echo phase 
signal acquired at 12 different orientations relative to the B0 field. Susceptibility ani-
sotropy of the liver collagen fibers was quantified and compared with diffusion anisot-
ropy, measured by DTI. For validation, a comparison was made to histology including 
hematoxylin and eosin staining, iron staining, and Masson’s trichrome staining.
Results: Areas with strong diamagnetic susceptibility were observed in the tissue 
samples forming fibrous patterns. This diamagnetic susceptibility was highly aniso-
tropic. Both the mean magnetic susceptibility and susceptibility anisotropy of colla-
gen fibers exhibited a strong contrast against the surrounding nonfibrotic tissues. The 
same regions also showed an elevated diffusion anisotropy but with much lower tis-
sue contrast. Masson’s trichrome staining identified concentrated collagens in the fi-
brous regions with high susceptibility anisotropy, and a linear correlation was found 
between the susceptibility anisotropy and the histology‐based staging.
Conclusion: Diamagnetic susceptibility indicates the presence of collagen in the fi-
brotic liver tissues. Mapping magnetic susceptibility anisotropy may serve as a po-
tential marker to quantify collagen fiber changes in patients with liver fibrosis.
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1 |  INTRODUCTION

Liver fibrosis is a typical complication of chronic liver dis-
ease. Progressive fibrosis leads to cirrhosis, portal hyperten-
sion, and increased risk of hepatocellular carcinoma.1,2 Liver 
fibrosis is characterized by the accumulation of extracellu-
lar matrix proteins, such as collagen in the liver interstitial 
space.3 Precise characterization of liver fibrosis could facil-
itate early treatment and therefore prevent its progression to 
cirrhosis. Currently, liver biopsies are considered as the gold 
standard for identifying fibrosis. Liver fibrosis is visible his-
tologically on hematoxylin and eosin sections or with his-
tochemical stains (Masson’s trichrome) that show collagen 
deposition with varying degrees of architectural distortion.4 
The amount of fibrotic liver tissue in the hepatic lobule is vi-
sually assessed on histopathology slides.5 However, the tech-
nique is prone to sampling error and interobserver variations, 
leading to erroneous staging. Thus, a 3D imaging technique 
for quantitatively detecting and characterizing liver fibrosis at 
various stages is highly desirable.

Magnetic resonance imaging–based techniques have been 
proposed for noninvasive diagnosis and grading of hepatic fi-
brosis.6 However, morphologic analysis based on conventional 
T1‐weighted or T2‐weighted images for the assessment of liver 
fibrosis is limited in sensitivity and specificity.7 Several state‐
of‐the‐art MRI techniques, including contrast‐enhanced MRI, 
MR elastography, diffusion imaging and perfusion imaging, 
have been proposed as noninvasive means to characterize liver 
fibrosis. Contrast‐enhanced MRI uses superparamagnetic 
iron‐oxide particles that accumulate in hepatic Kupffer cells, 
leading to a shorter T∗

2
 relaxation time, producing a dark liver 

background.8 Thus, this technique significantly improves the 
visualization of fibrosis tissues. However, it is more invasive 
than other MRI‐based liver fibrosis quantification techniques, 
as it requires injection of a contrast agent. Magnetic resonance 
elastography analyzes the propagation of mechanical waves 
through tissue to estimate tissue stiffness.9 However, MR elas-
tography is of limited value in patients with hepatitis due to 
the low SNR, making wave visualization difficult.10 Fibrotic 
tissue restricts the diffusion of water molecules. Consequently, 
DTI is suitable to depict different stages of fibrosis by imaging 
the water molecule movement within the space between colla-
gen fibers.11,12 However, DTI is highly sensitive to breathing 
and cardiac motion, especially in the left hepatic lobe, which 
is significantly affected by cardiac motion, making accurate 
measurements challenging. Perfusion imaging techniques 
quantify the perfusion parameters of the liver through the use 
of contrast agents and have been widely investigated. Signal 
enhancement in the liver tissue and vessels (hepatic artery and 
portal vein) after the injection of a contrast agent (e.g., gado-
linium) is measured at different time points.12,13 However, it 
requires full patient cooperation and several breath‐holdings 
to achieve good results.

More recently, QSM has emerged as a relatively new 
technique that quantifies the spatial distribution of the tissue 
magnetic susceptibility based on 3D gradient‐echo (GRE) 
sequences.14-16 Magnetic susceptibility has been applied to 
quantify the anisotropic structure of tubules in the kidney,17 
myofibers in the heart,18,19 and collagen fibers in the carti-
lage.20,21 In this study, we propose to quantify magnetic sus-
ceptibility anisotropy of collagen fibers in the liver fibrotic 
tissues using susceptibility tensor imaging (STI).22-24 We also 
compare STI to DTI‐derived parameters and histology results 
to inform the interpretation of collagen content in the liver 
fibrosis tissues.

2 |  METHODS

2.1 | Magnetic resonance data acquisition
Six liver biopsy samples were imaged from 6 patients  
(3 males/3 females) who had histological confirmation of  
fibrosis. The experiments were performed using a 9.4T 
Oxford magnet. The liver tissue was immersed in 10%  
formalin overnight and then immersed in 10 mM phosphate‐
buffered saline (PBS) for the next‐day MRI scan. The data 
were acquired using a 3D‐GRE sequence with 6 echoes (TE1/
TE/TE5 = 5.8/9.6/63.4 ms), TR = 100 ms, flip angle = 35°,  
matrix size = 280 × 200 × 200, and isotropic voxel size = 57 μm.  
The specimen was rotated to a new orientation before each 
image acquisition. To assess the magnetic susceptibility  
anisotropy of liver tissues, 12 different orientations relative 
to the B0 field were acquired for each specimen, resulting in 
a scan time of 66 minutes per orientation. The DTI data sets 
were acquired using 2 spin‐echo scans with b = 0 s/mm2 and 
12 diffusion‐encoded spin‐echo scans with b = 1500 s/mm2. 
The diffusion gradient pulses had a duration δ of 3 ms, and 
the time interval between the diffusion gradients was 4 ms, 
TR = 150 ms, TE = 7.8 ms, matrix size = 128 × 128 × 128, 
isotropic voxel size = 100 μm, and total scan time = 8 hours 
11 minutes.

2.2 | Image reconstruction and processing
The GRE phase images were unwrapped using a Laplacian‐
based phase unwrapping method,25 and the background 
phase was removed by V_SHARP background phase re-
moval methods.25-27 The filtered phase images were normal-
ized by TE and then averaged across echoes to produce the 
SNR‐enhanced phase image.28 The filtered phase maps are 
subsequently input to the STAR‐QSM algorithm to obtain 
the QSM maps.29 Then the GRE magnitude images acquired 
at different orientations were first registered to a reference 
orientation (B0 vector = [0 0 1]) using rigid‐body transfor-
mation (https ://fsl.fmrib.ox.ac.uk/). The transformation pa-
rameters were then applied to filtered phase images. The 

https://fsl.fmrib.ox.ac.uk/
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3D transformation matrices were used to calculate the rota-
tion angles and vectors (i.e., unit vector along the B0 field 
at the different orientations in the specimen frame of refer-
ence). The susceptibility tensor at each voxel was computed 
according to the STI model23 (https ://people.eecs.berke ley.
edu/~chunl ei.liu/). Eigenvalue decomposition was performed 
on the tensor to define the 3 principal susceptibility values 
(χ1, χ2, χ3) with corresponding eigenvectors. The 3 suscep-
tibility eigenvalues were used to produce the susceptibility 
trace image, the mean magnetic susceptibility (= [χ1 + χ2 + 
χ3]/3), and the magnetic susceptibility anisotropy (MSA) (χ =  
χ1 – [χ2 + χ3]/2) at each voxel.

Three regions of interest within the collagen fibers were 
drawn manually using a MATLAB‐based region‐of‐interest 
tool developed in house. The susceptibility values for com-
parison were not referenced to any selected structures, which 
essentially sets the susceptibility reference to the mean sus-
ceptibility of the whole sample. As the mean susceptibility of 
the fibrotic tissue contains all contributing sources, it is less 
likely affected by variations in selected structure, providing 
the most stable reference. The angular dependence of R∗

2
, fre-

quency, and magnetic susceptibility was fitted as a function 
of the squared sine of the collagen fiber angle using a linear 
least‐squares fitting method.

To compare DTI and STI, the B0 image (DTI with b value =  
0 s/mm2) was registered to one of the GRE magnitude images, 
then the transformation matrix was applied to all diffusion‐
weighted images and the corresponding diffusion‐encoding 
gradients. Diffusion parameters, such as fractional anisotropy 
and mean diffusivity, were computed.30

2.3 | Histology
After the MRI scans, liver specimens were fixed in formalin, 
embedded in paraffin, sectioned and examined by standard 
hematoxylin and eosin staining, iron staining (Prussian blue), 
and Masson’s trichrome staining. All experimental preparation 
protocols were approved by Duke University. The degree of 
liver fibrosis in the samples was evaluated semi‐quantitatively  
according to the METAVIR classification using a 5‐point 
scale with F0 = no fibrosis, F1 = portal fibrosis without 
septa, F2 = portal fibrosis with few septa, F3 = numerous 
septa without cirrhosis, and F4 = cirrhosis, respectively.31 
In this study, 2 samples were graded as F1, 2 samples were 
graded as F3, and 2 were graded as F4. Interstitial collagen 
was identified in the Masson’s trichrome stained section by 
its blue appearance. The collagen content was measured and 
expressed as a percentage of the total collagenous and non-
collagenous areas in the entire visual field of the section by 
automated planimetry using Adobe Photoshop CS2 software 
(Adobe Systems, San Jose, CA). Briefly, the software identi-
fies positively stained pixels in the microscopy image with 
an automated threshold tool confirmed by reader verification 

and then quantifies the extent of positive staining in each  
region of interest.

2.4 | Statistical analysis
The Pearson correlation coefficient was calculated for the 
mean MSA to Masson’s trichrome staining density of the 
collagen content for the stained slices. Five slices located in 
approximately the same locations as the stained slices were 
selected for each tissue. The mean and SD of the MSA for 
different liver fibrosis grades were calculated and compared 
among the different degrees of liver fibrosis.

2.5 | Visualization
The hyperintensity of collagen fibers was first segmented on 
the MSA maps using a threshold of 0.05 ppm. The tracts were 
then followed using a seeded region growing on the MSA 
maps. Skeletonization was performed and visualized using 
Avizo (Visualization Sciences Group, Burlington, MA).

3 |  RESULTS

Figure 1 compares the QSM with GRE phase and magnitude 
images. The susceptibility maps allow clear delineation of 
the collagen fibers from surrounding nonfibrosis tissues, 
while such differentiation is not clear on the corresponding 
magnitude and phase images. For example, as highlighted by 
the black arrows, the phase image shows a band of fibrous 
tissue that is invisible from the magnitude image. In another 
example, the fibrotic tissue is observable on the magnitude 
image but invisible on the phase image (black arrowheads). 
In particular, the nonlocal property of phase is apparent,  
resulting in blurred tissue boundaries and inconsistent  
values; the fibrotic tissues may have both positive and nega-
tive phase values depending on the geometry. However, in 
both examples, the aforementioned abnormal scar tissues are 
well‐visualized on the susceptibility maps.

Figure 2 shows the variation of the R∗

2
 signal, GRE phase, 

and QSM maps measured at 3 representative image orienta-
tions. The fibrosis exhibited lower R

∗

2
 than the surrounding 

tissue. The R∗

2
 value for fibrosis was slightly higher when the 

fiber orientation was perpendicular to B0 than when parallel  
to B0, as shown by the blue arrows in Figure 2. The GRE 
phase of the collagen fibers was also strongly dependent on 
orientation. The phase values were positive when the colla-
gen fiber was perpendicular to B0 but negative when collagen 
fiber was parallel to B0. The computed susceptibility maps 
retain orientational dependence originating from suscepti-
bility anisotropy. The changes in R

∗

2
, GRE phase, and mag-

netic susceptibility along the line through the tissue marked  
on Figure 2A are shown in the Supporting Information  

https://people.eecs.berkeley.edu/~chunlei.liu/
https://people.eecs.berkeley.edu/~chunlei.liu/
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Figure S1. The signal variation along the orange line between 
different orientations on GRE phase was relatively larger 
compared with R

∗

2
 and magnetic susceptibility (Supporting 

Information Figure S1). The R∗

2
, tissue phase, and magnetic sus-

ceptibility as a function of the squared sine of the collagen fiber 
were plotted as shown in Supporting Information Figure S2.  

F I G U R E  1  Image contrast and quality of QSM images. The increased SNR available with magnetic susceptibility allows dramatically 
improved visualization of collagen fibers. Lower: Magnifications of the area outlined in the black box on the gradient‐echo (GRE) magnitude 
image (upper left). The arrows point to the collagen fiber observed on the GRE phase and QSM images, which is invisible on the GRE magnitude 
images. The displayed liver fibrotic tissue has a scaling of stage 3

F I G U R E  2  B0 orientation–dependent modulation of R∗

2
, GRE phase, and magnetic susceptibility contrast in liver fibrosis tissue at 3 

orientations (top, B0 is along left–right direction; middle, B0 is along up–down direction; bottom, B0 is oriented approximately along the diagonal). 
The GRE phase of the liver tissue varies markedly from 1 orientation to another. The magnetic susceptibility of the collagen shows a relatively 
small B0 field–orientation dependency. For example, the yellow arrows point to collagen fiber that has a more orientation‐dependent magnetic 
susceptibility than that indicated by red arrows. The displayed liver fibrotic tissue has a scaling of stage 4
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The linear correlation between magnetic susceptibility (χ)  
and the squared sine of the angle (θ) between collagen fiber 
and B0 field (χ = 3.6sin2θ − 5.1, R2 = 0.21) suggests that sus-
ceptibility varies across the fibrotic liver tissue due to spatial 
heterogeneity.

Figure 3 compares the susceptibility tensors, diffusion 
tensors, mean magnetic susceptibility, MSA, mean diffusiv-
ity, and fractional anisotropy. There were clear visual dif-
ferences between the diagonal terms of susceptibility and 
diffusion tensors. The susceptibility tensor (e.g., mean mag-
netic susceptibility and MSA) provided higher image contrast 
than the diffusion tensor. White arrows indicate the similar-
ities shared by STI and DTI for detecting large septa. Red 
arrows point to the thin collagens observed on STI but not 
on DTI. MSA exhibited dramatic susceptibility anisotropy of 
collagen, whereas the fractional anisotropy map was very dif-
ficult to quantify and prone to noise.

Figure 4 shows the typical hematoxylin and eosin, iron, 
and Masson’s trichrome staining of livers with fibrosis at 
stages 1, 3, and 4. Figure 4A shows scattered collagen depo-
sition with little septa formation, representing minor fibrosis, 
whereas Figure 4B demonstrates increased septal bands of 
collagen as noted on Masson’s trichrome stains in the fibrotic 

liver. Figure 4C shows more severe liver damage compared 
with Figure 4B, as evidenced by disruption of the tissue ar-
chitecture, extension of fibers, large fibrous septa formation, 
and fiber accumulation. Representative slices of MSA maps 
show clear differences among the 3 stages of fibrosis exam-
ined. The MSA shows the whole FOV and provides complex 
structural information compared with histological staining.

The 3D reconstructed collagen fiber tracts on 6 liver fi-
brosis samples with stage 1, stage 3, and stage 4 are shown 
in Figure 5A. The structure of collagen networks is com-
plex, with frequent branches with different radii sizes. 
Quantitatively, the resulting correlation of mean MSA to 
Masson’s trichrome staining density of the collagen content 
is shown in Figure 5B. Strong linear correlations were found 
with coefficients of R2 = 0.66, P < .001.

4 |  DISCUSSION

In this study, we demonstrated the diamagnetic susceptibility 
of collagen fiber within the fibrotic liver and assessed the 
ability of STI to quantify the susceptibility anisotropy of col-
lagen fibers at different stages of liver fibrosis. We compared 

F I G U R E  3  Maps of the diagonal terms (A) and the eigenvalues (B) of the susceptibility tensors. C, Mean magnetic susceptibility (MMS). 
D, Magnetic susceptibility anisotropy (MSA). Maps of the diagonal terms (E) and the eigenvalues (F) of the diffusion tensors. G, Mean diffusivity 
(MD). H, Fractional anisotropy (FA). White arrows point to the fibrosis that is visible on both DTI and susceptibility tensor imaging (STI). Red 
arrows point to the fibrosis that is visible by STI but not by DTI. The displayed liver fibrotic tissue has a scaling of stage 4
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the susceptibility measurements to diffusion measurements 
and found that susceptibility anisotropy has higher sensitivity 
to collagen fibers than diffusion anisotropy. Finally, our data 
suggest that MSA values within the fibrotic liver may serve 
as a new biomarker for staging the severity of liver fibrosis.

Because both iron and collagen can contribute to the mag-
netic susceptibility, the mixture of iron and collagen fibers 

makes it difficult to identify collagen specifically from GRE‐
MRI data using the following processing methods: phase, R∗

2
, 

and QSM.32 Fortunately, it is possible to identify collagen based 
on the magnetic susceptibility anisotropy from its paramagnetic 
iron source within that voxel. Moreover, MSA increases in the 
advanced fibrotic liver, demonstrating that STI can be a new 
means to measure the severity of liver fibrosis in 3D.

F I G U R E  4  Typical hematoxylin and eosin (H&E) staining, iron staining, and Masson’s trichrome staining of 3 liver fibrosis tissues. A, Liver 
fibrosis with stage 1 shows that collagen deposition (red arrows) and iron co‐exist within the tissue. B, Liver fibrosis with stage 3 exhibits clear 
septa formation with dense collagen deposition. C, Liver fibrosis with stage 4. Magnetic susceptibility anisotropy demonstrates clear differences 
between liver fibrosis stages. White arrows point to iron deposition and red arrows point to collagen fibers

F I G U R E  5  A, Example of 3D reconstructed liver collagen fiber tracts from MSA maps on six liver fibrosis samples with stage 1, stage 3, 
and stage 4. B, Correlation of mean MSA with Masson’s trichrome staining density of the collagen content
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To determine whether the reported susceptibility anisotropy  
of fibrotic liver tissues applies to physiological conditions, it 
is crucial to understand the effects of fixation and PBS on the 
susceptibility property of liver. Fixation causes protein cross-
link and can change the tissue microstructure, thus affecting 
the tissue magnetic properties. Previous studies by Zheng  
et al investigated the effects of fixation and PBS on the proton 
dynamics in cartilage and found that phosphate salts alter the 
T2 relaxation rate, which is tissue structure–dependent.33,34 
Another study reported that the frequency contrast changes 
after tissue fixation.35 Wang et al found that the susceptibility 
of white matter between in vivo and ex vivo mouse brains 
was different.36 Thus, the absolute susceptibility values mea-
sured ex vivo are influenced by fixation. However, Evia et al 
showed that the magnetic susceptibility measurements of the 
same participants between in vivo and fixed ex vivo brains 
immersed in PBS can be modeled as a linear function.37 Our 
previous study showed that collagen fibers in the cartilage 
have anisotropic susceptibility under physiological condi-
tions. Therefore, we expect that a linear correlation between 
MSA and fibrosis still exists in physiological conditions,  
although the correlation coefficient may be altered by fix-
ation. Future studies will need to investigate the effects of 
fixation and PBS on MSA measurement of the fibrotic liver 
tissues.

In this study, we found that MSA offers much higher sen-
sitivity to image the liver fibrotic collagen fiber structure 
than diffusion anisotropy. Previous studies have reported 
the anisotropy of T1 and T2 relaxation times, magnetization 
transfer, and diffusion properties by NMR measurement.38 
Previous animal studies found that apparent diffusion coef-
ficient was lower and fractional anisotropy was higher in fi-
brotic and cirrhotic livers as compared with normal liver.39 
These results suggest that the microstructural alternations 
in the fibrotic liver may vary the degree of water molecule 
diffusion anisotropy. However, diffusion is insufficient to 
characterize collagen fibers. The limitation of the principle 
of DTI for detecting the collagen fiber was well discussed 
in our previous study on the investigation of susceptibility 
anisotropy of collagen fibers in cartilage.21

In this study, a high spatial resolution of 57 microns iso-
tropic was achieved on a 9.4T MR system, resulting in a 
scan time of 66 minutes per orientation. It is impractical to 
scan patients at such high resolution and long scan times. 
Our previous study showed that it is possible to quantify 
the magnetic susceptibility on the liver iron–overload pa-
tients within 19 seconds at a spatial resolution of 1.87 × 
1.87 × 5 mm3.40 Although single‐orientation QSM cannot 
characterize the orientation‐dependent magnetic suscepti-
bility for the quantification of fibrotic liver collagen fibers, 
QSM itself may provide indication of collagen content due 
to the diamagnetic susceptibility. Future clinical imple-
mentation and applications of findings would likely rely on 

QSM. Therefore, more studies are necessary to evaluate the 
utility of single‐orientation QSM for detecting or staging 
patients with liver fibrosis.

Several limitations exist in the current study. First, liver bi-
opsy is the gold standard for staging the liver fibrotic tissues. In 
the study, a linear correlation was found between the MSA mea-
sured by STI and the collagen content measured by histologic 
features. In fact, the direct correlation between susceptibility 
and specific tissue morphological characteristics can be com-
plex and problematic between 2D histology and 3D STI. Thus, 
the MSA images shown in Figure 4 may not match the slice 
locations of the staining results perfectly. Validation or correla-
tion to investigate the effects of these confounders is therefore 
highly desired in future investigation. Second, STI in vivo is 
still impossible due to the difficulties of body rotation within 
MRI scanners. Nevertheless, magnetic susceptibility imaging 
offers several clear technical advantages: larger FOV, quantita-
tive measurement, and volumetric coverage at high resolution.

5 |  CONCLUSIONS

Our study demonstrates the feasibility of high‐contrast mag-
netic susceptibility of collagen fibers within fibrotic liver tis-
sues. The experimental results demonstrate the feasibility of 
imaging and quantifying magnetic susceptibility of the collagen 
fibers within fibrotic liver tissues ex vivo. Susceptibility tensor 
imaging excludes the susceptibility from iron and can quantify 
the MSA of collagen fibers, which is associated with the sever-
ity of liver fibrosis. These results suggest that magnetic suscep-
tibility may be helpful for the staging of liver fibrosis severity.
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SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section.

FIGURE S1 The R∗

2
, GRE phase, and susceptibility profiles 

along a single projection through the tissue within the white 
box in Figure 2A. All of the image contrasts exhibit orienta-
tion dependency that can be seen at the same position indi-
cated by a vertical dashed line
FIGURE S2 Orientation dependence of R∗

2
, GRE phase, and 

susceptibility in fibrotic liver tissue. A, Representative selection 
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of region of interest. Regions of interest in the collagen fibers 
are labeled by red, green, and blue colors. The R∗

2
, tissue phase, 

and magnetic susceptibility as a function of the squared sine of 
the collagen fiber were plotted as shown in (B)‐(D). Liver fibro-
sis collagen orientation was calculated as the angle between the 
principal eigenvector of the susceptibility tensor and the  
B0 field
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