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Abstract
Cirrhosis is an important and growing public health problem, affecting millions of Americans and
many more people internationally. A pathological hallmark of the progression to cirrhosis is the
development of liver fibrosis, so that monitoring the appearance and progression of liver fibrosis
can be used to guide therapy. We here report a method to use magnetization-tagged magnetic
resonance imaging (MRI) to measure the cardiac-induced motion and deformation in the liver, as a
means for noninvasively assessing liver stiffness, which is related to fibrosis. The initial results
show statistically significant differences between healthy and cirrhotic subjects in the direct
comparisons of the maximum displacement (mm), and the maximum (P1) and minimum (P2) 2D
strains, through the cardiac cycle (3.514 ± 0.793, 2.184 ± 0.611; 0.116 ± 0.043, 0.048 ± 0.011;
−0.094 ± 0.020, −0.041 ± 0.015; healthy, cirrhosis, respectively; p < 0.005 for all). There are also
significant differences in the displacement-normalized P1 and P2 strains (mm−1) (0.030 ± 0.008,
0.017 ± 0.007; −0.024 ± 0.006, −0.013 ± 0.004; healthy, cirrhosis, respectively; p < 0.005 for all).
Therefore, this noninvasive imaging-based method is a promising means to assess liver stiffness
using clinically available imaging tools.
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INTRODUCTION
Liver disease, and its progression to cirrhosis with its many potential complications, is a
significant public health problem. There is frequently clinically silent progression of the
disease until the later development of the potentially serious complications of cirrhosis. A
pathological hallmark of the progression to cirrhosis is the development of liver fibrosis;
there is increasing evidence of liver fibrosis reversibility in its early stages (1–3). Therefore,
assessing the degree of fibrosis is one of the most important factors for the effective
treatment and the prevention of later complications of liver disease.

The stage of liver fibrosis is currently assessed with liver biopsy (4–6). However, biopsy is
uncomfortable and potentially risky for the patient, and also is subject to sampling and
observation errors (7–9). Thus, there has been much interest in the potential of noninvasive
imaging methods to assess liver fibrosis (10–11). It is well known that fibrosis leads to
increased mechanical stiffness of the liver (12–13). Therefore, liver stiffness can be used to
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monitor the progression of liver disease, as it reflects the development of fibrosis. Recently,
ultrasound-based transient elastography has been introduced for detecting extensive fibrosis
and cirrhosis (14–16). However, it is limited to use in only the more superficial parts of the
liver, leading to possible sampling error, and rendering it less useful in obese patients (17); it
also requires the use of special-purpose apparatus. Magnetic resonance image (MRI)-based
studies using MR elastography (MRE) have shown an encouraging degree of correlation
between liver stiffness and degree of liver fibrosis (18–21). It observes the propagation
through the liver of transverse waves induced by an external vibration source; increased
liver stiffness results in faster wave velocities and correspondingly longer wavelengths of
the vibration waves in the liver. However, the use of MRE requires special-purpose
hardware to generate an externally induced vibration wave in the liver, synchronized with
the imaging (22).

In this study, we have used the motion of the heart as an intrinsic motion source to
transiently deform the liver. Some prior studies using ultrasound have reported the
feasibility of using the cardiac-induced motion of the liver for assessing liver stiffness (23–
25). However, these previous efforts have only been relatively qualitative. In order to better
quantify the cardiac-induced motion in the liver, we used magnetization-tagged MRI (26–
28) to noninvasively create MRI-visible regions of altered magnetization (called “tags”)
within the tissue being imaged. These tags can persist for times on the order of the T1
relaxation time of the tissue, and they move with the underlying tissue, resulting in a direct
display of the motion in the corresponding images. As the heart contracts and relaxes during
the cardiac cycle, the motion of the heart is transmitted across the diaphragm to the adjacent
liver, resulting in relatively localized motion and deformation of the liver; this can be clearly
seen in the tagged images. For analysis of the tagged images, a Gabor filter bank (29–30)
was used to provide quantitative maps of the local motion field and corresponding local
strains. Thus, this method provides an image-derived measure directly related to the
underlying mechanical stiffness of the liver, without the need for extended indirect analyses.

MATERIALS AND METHODS
Subjects and MRI Protocol

MR imaging was performed on 8 healthy volunteers (31.6 ± 4.4 years old) and 7 patients
(61.3 ± 13.3 years old) with MRI evidence of cirrhosis. Subjects were scanned using 3T
(Tim Trio; Siemens Medical Solutions, Erlangen, Germany) or 1.5T (Avanto; Siemens
Medical Solutions, Erlangen, Germany) MRI systems, with standard phased-array coils.
Protocols of the human studies were approved by the Human Investigation Committee at our
institution and informed consent was obtained from all volunteers. A conventional cardiac
imaging sequence, with SPAMM tagging for two-dimensional grid formation, was
performed through the cardiac cycle with electrocardiogram (ECG)-triggering (and tagging)
at end diastole and breath-holding by the subjects. Imaging parameters included: TE = 3.9
ms, TR = 8.0 ms, 6 segments per cardiac cycle, temporal resolution = 48.2 ms, flip angle =
10°, receiver bandwidth = 201 Hz/pixel, generalized autocalibrating partially parallel
acquisitions (GRAPPA) (31) acceleration factor 2 with 24 reference k-space lines, field of
view = 300 mm × 300 mm, matrix = 256 × 174, in-plane resolution = 1.2 mm × 1.7 mm,
slice thickness = 6 mm, tag thickness = 1.5 mm, tag spacing = 7 mm, tag orientation = ±45°,
total acquisition time per slice ~ 15–20 s. Tagged images were acquired in three coronal and
three sagittal planes encompassing both the liver and the heart, as shown in Fig. 1.

Image analysis
A Gabor filter bank was used to adaptively detect the local tag spacing and orientation in the
tagged MR images. This was estimated from the local image response to the application of
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the filters to the first harmonic peaks of each quasi-periodic family of tags in the Fourier
domain (Fig. 2a–c). In the Fourier domain, a Gabor filter, G(u,v), can be considered as
derived from two components, such as the even-symmetric filter, ΨR(u,v), and the odd-
symmetric filter, ΨI(u,v):

where ω(u,v) is a Gaussian function, and (u0,v0) and (−u0,−v0) are the center frequencies of
the shifted components of ω(u,v). Because of the linearity of the Fourier transform, G(u,v)
can be derived as a shifted Gaussian function:

A Gabor filter bank can be created by suitable choices of values of the filter parameters,
such as the magnitude of the center frequency, |f|, the orientation, φ, and the extent of the
Gaussian function, σ. In this study, we used a total of 9 filters, as shown in Fig. 2c: the
initial |f| was determined by measuring the distance from the DC peak to the first harmonic
peak in the undeformed image, the step of φ= 10° was empirically chosen to cover typical
tag rotations, and the σ was chosen to be dependent on 1/|f| to allow a fixed range of output
for filters in the image domain. The final response was calculated by a weighted
combination of the local top three responses from multiplying these 9 filters with the first
harmonic peaks in the Fourier domain, for the two families of tags in the grid (Fig. 2b). The
phase images corresponding to the estimated local positions of the vertical and horizontal
tag patterns within the image (Fig. 2e) were then computed by the inverse Fourier transform,
and the equivalent local Eulerian displacement maps were calculated from the unwrapped
differences of the phase images between consecutive images (32). The phase images were
unwrapped to avoid phase and position aliasing (wrapping). Each pixel in a given phase
image was then mapped back to its corresponding location in the initial phase image, to
calculate the Lagrangian displacement referenced to the initial image (Fig. 2d and 2f).
Therefore, in the resulting sequential displacement maps, the shape of the object remained
the same as the initial shape, and so segmentation of the liver region (performed manually)
was only necessary once, for the initial shape. Since two orthogonally oriented phase images
were generated from the filtered grid-tagged image, a full description of the 2D in-plane
motion could be obtained from combining the displacement results from the two sets of
phase images. The corresponding principal strains, representing the tissue deformation
(computed as fractional changes in material length along a given direction in the tissue),
were also calculated from the displacement field. Note that the first principal strain (P1)
represents the amount of the greatest elongation or stretch of the tissue at a given location,
and the second principal strain (P2) represents the amount of the greatest compression or
shortening. This method was validated with a numerically generated phantom in our
previous study (30).

Data and statistical analyses
In order to account for the complex 3D motion and deformation pattern induced in the liver
by the cardiac motion, the 6 imaging planes were searched for extrema (maximum
displacement, maximum P1 and minimum P2 strain in liver regions below the heart;
maximum P1 and minimum P2 strains in liver regions remote from the heart). For each
imaging plane, three regions of interest (ROI), with a size of approximately 18 x 18 mm2 (~
240 pixels), were chosen in liver regions below the diaphragm where the greatest average
absolute value occurred for the displacement and the P1 and P2 strains. For the analysis, the
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local maximum P1 and minimum P2 liver strains, as well as the maximum displacement,
were found over the cardiac cycle from among the results of the six imaging planes. In the
same manner, the maximum P1 and minimum P2 baseline strains measured in liver regions
remote from the heart were determined. These remote “baseline” strains were then
subtracted from the sub-cardiac strains, providing an approximate measure of the strain
gradient. Since the amount of motion transmitted to the liver varies, due to variability
between subjects in the degree of cardiac motion, these “remote-compensated” strains were
then normalized by dividing by the maximum local displacement beneath the heart. Thus,
the cardiac-induced peak motion and normalized deformation can be quantitatively
compared between different subjects, and the corresponding changes due to increased
stiffness can be identified and measured.

Measured values were compared between healthy and cirrhotic groups with Student’s t-test,
using a 5% limit of significance. Data are expressed as mean ± standard deviation.

RESULTS
Figure 3 shows grid-tagged MR images of a representative healthy subject and a cirrhotic
patient, in representative coronal and sagittal planes, with an absolute displacement color-
map derived from analysis of the tagged images superimposed over the liver. In the healthy
subject, relatively high concentrations of the motion and deformation are seen to be
localized beneath the heart, but this is appreciably less so in the cirrhotic patient. In Fig. 4,
the corresponding P1 and P2 strains are shown for the healthy and cirrhotic subjects. In the
healthy subject, there are relatively large magnitude P1 and P2 strains below the heart at
end-systole, as indicated by black arrows, but this is less so in the cirrhotic patient, reflecting
the greater stiffness of the cirrhotic liver and its resistance to stretching and shearing
deformations. The plots in Fig. 5 show the corresponding local displacements and local P1
and P2 strains averaged within ROIs selected below the diaphragm, through the cardiac
cycle, for the same representative healthy and cirrhotic subjects. As shown in Fig. 5a, the
local mean displacement is relatively larger and recovers more rapidly in the healthy subject;
the corresponding average strains are also relatively larger in magnitude and recover more
quickly in the healthy subject (Fig. 5b).

Figure 6 shows boxplots of maximum displacement (mm), maximum P1 strain, minimum
P2 strain, and normalized P1 and P2 strains (mm−1) (3.514 ± 0.793, 2.184 ± 0.611; 0.116 ±
0.043, 0.048 ± 0.011; −0.094 ± 0.020, −0.041 ± 0.015; 0.030 ± 0.008, 0.017 ± 0.007;
−0.024 ± 0.006, −0.013 ± 0.004; healthy, cirrhosis, respectively; p < 0.005 for all) through
the cardiac cycle for all healthy subjects and cirrhosis patients.

DISCUSSION
This study has demonstrated a new noninvasive method to assess liver stiffness, using
tagged MRI to measure cardiac-induced motion and deformation in the liver. While other
currently used noninvasive methods (16,18–19) to assess liver stiffness require the use of
special-purpose hardware to generate liver motion from an external source, this method uses
the motion of the heart as an intrinsic motion source. To capture the cardiac-induced motion
in the liver, we performed conventional ECG-triggered tagged MRI at 3T and 1.5T. Since
the T1 relaxation time of the tissue is longer at 3T, the tags persist relatively longer during
the cardiac cycle at 3T than 1.5T (33–34). Thus, at 1.5T, tags were not seen clearly after
mid-diastole in some patients. Therefore, for the analysis, we have focused primarily on the
cardiac-contraction-induced (“pull-up”) deformation in the liver during systole. Using
peripheral pulse-triggering with a typical delay relative to ECG-triggering, we could see
more cardiac-relaxation-induced (“push-down/release”) deformation in the liver during
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diastole. Comparison of the effects of these two different motion mechanisms in the liver
can be further studied in the future.

While the other currently used noninvasive methods for assessing liver stiffness calculate
the liver elasticity through evaluation of transverse wave propagation through the liver, this
method measures the cardiac-induced motion in the liver. However, variations among
subjects in the degree of heart motion as well as the heart/liver anatomical coupling can
result in different degrees of the resulting liver deformation. In order to approximately
account for these degrees of cardiac motion, a simple displacement normalization scheme
was used in this study. However, the displacement measured in the liver was affected by
both the amount of cardiac motion and the condition of liver stiffness, so that the actual
cardiac motion could be underestimated in the stiffer liver of the patients. Consequently, this
simple normalization procedure could lead to overestimating the final motion results. This
could explain why we observed less relative differences between healthy and cirrhotic
subjects when compared to previously reported MRE results (21). Future work exploring
these normalization issues will be necessary to better distinguish between patients with a
larger range of degrees of liver fibrosis or to more reliably account for larger ranges of
cardiac-induced motion. To further sensitize the results to the stiffness of the liver, we also
measured the “remote” strains in the liver further away from the heart and subtracted them
from the values beneath the heart. However, since hepatic fibrosis may not be uniformly
distributed, this remote baseline correction might not be suitable for patients with earlier,
heterogeneous, fibrosis. In this study, since our healthy subjects and patients with known
cirrhosis were drawn from two relatively distinct populations, we found statistically
significant differences in all values, both with and without the normalization, as shown in
Fig. 6.

In this study, we used 6 imaging planes (three coronal and three sagittal planes) to measure
samples of the three-dimensional (3D) cardiac-induced motion in the liver. Due to our
relatively coarse image location sampling, the motion analysis results could possibly be
underestimated by missing the actual region of maximum local deformation in the liver. For
further improving and stabilizing the results, 3D tagged MRI could potentially be used to
cover the whole liver.

This method could be complementary to other methods used to assess liver fibrosis, such as
ultrasound-based elastography or liver biopsy, since it is mainly sensitive to the properties of
the left lobe of the liver, while the other methods primarily approach the right lobe of the
liver. In addition, it could also be complementary to the other noninvasive methods in that it
is sensitive to the mechanical response of the liver to induced motions in the frequency
range of around 1Hz (similar to the effective frequency range of conventional clinical liver
palpation), while the ultrasound and MRE-based methods apply much higher vibrational
frequencies. Thus, this method may provide different information on the viscoelastic
properties of the liver.

Although they are based on the study of a small number of healthy and cirrhotic subjects
these initial results are very encouraging. We will need to examine a larger number of
subjects, with a greater range of degrees of fibrosis, in order to find reliable quantitative
clinical criteria for the diagnosis of fibrosis. In particular, detection of earlier stages of
fibrosis is more clinically interesting, as fibrosis may be more reversible in its early stages.
In order to evaluate the potential of this method for detecting and grading milder degrees of
fibrosis, patients with less severe disease and a biopsy-proven fibrosis level will need to be
studied in the future. This method may have some potential problems if applied to subjects
with large amounts of ascites or pericardial effusions, in whom the cardiac motions may not
be well transmitted to the liver. There may also be potential problems in studying patients
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with cardiac arrhythmias, who may have blurring of the tagged images due to inconsistency
in successive heart beats, and patients with systolic heart failure, who may have a
significantly reduced amplitude of cardiac motion.

In conclusion, this method for assessing the liver stiffness based on tagged MRI of cardiac-
induced liver motion has a potential to replace the liver biopsy in some cases, e.g., for serial
examinations to monitor for progression of disease. This method provides a set of image-
derived measures that are very directly and intuitively related to the underlying mechanical
stiffness of the liver, without the need for extended indirect analyses. As this new MRI liver
assessment method does not require any special-purpose hardware, other than ECG gating, it
could be readily implemented on any conventional MRI system; as it is rapid to perform
(approximately 5 min for all 6 imaging planes), it could be readily incorporated in routine
liver MRI examinations. Thus, there is a significant potential for this method to have a
beneficial impact on patient care.
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FIG. 1.
a: Axial localizer image with the three coronal imaging planes (white lines), and
corresponding grid-tagged images at end-diastole. b: Coronal localizer image with the three
sagittal imaging planes (white lines), and corresponding grid-tagged images at end-diastole.
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FIG. 2.
Tagged MR image in a: spatial domain and b: Fourier domain, showing first harmonic
peaks of horizontal (circle) and vertical (square) tag families; c: Gabor filter bank with 9
filters in Fourier domain for choices of the magnitude of center spatial frequency, |f|,
orientation, φ, and the extent of the Gaussian function, σ; d: displacement of vertical tags
(derived from phase data in e); e: phase images derived from the output of a Gabor filter
bank; f: displacement of horizontal tags (derived from phase data in e).
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FIG. 3.
Representative end-systolic grid-tagged MR images with superimposed color-coded (scales
in mm) corresponding combined vertical-horizontal displacement maps at representative
cardiac phases of a: a healthy subject in coronal plane and b: in sagittal plane, and c: of a
cirrhotic patient in coronal plane and d: in sagittal plane. ROIs for Fig. 5 data are indicated
by square boxes.
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FIG. 4.
P1 and P2 strains (corresponding to Fig. 3 a and c) for a: healthy subject and b: cirrhotic
patient, at different cardiac cycle times. Regions of relatively high strain concentration are
indicated by the black arrows in healthy subject.
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FIG. 5.
a: Corresponding displacement and b: P1 and P2 strains for the healthy and cirrhotic
subjects in ROIs through the cardiac cycle.
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FIG. 6.
Boxplots of a: maximum displacement, b: maximum P1 strain, c: minimum P2 strain
through the cardiac cycle, d: normalized P1 strain at end-systole and e: normalized P2 strain
at end-systole, for all healthy subjects and cirrhosis patients (p < 0.005 for all).
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