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Abstract
Purpose—To compare the utility of magnetic resonance elastography (MRE) and diffusion-
weighted imaging (DWI) in characterizing fibrosis and chronic hepatitis in patients with chronic
liver diseases.

MATERIALS AND METHODS—Following IRB approval, 76 patients with chronic liver
disease underwent abdominal MRI, MRE and DWI. Severities of liver fibrosis and chronic
hepatitis were graded by histopathologic analysis according to standard disease-specific
classification. The overall predictive ability of MRE and DWI in assessment of fibrosis was
compared by constructing a receiver operating characteristic (ROC) curve and calculating the area
under the curve (AUC) based on histopathologic analysis.

RESULTS—Using ROC analysis, MRE showed greater capability than DWI in discriminating
stage 2 or greater (≥F2), stage 3 or greater (≥F3), cirrhosis (≥F4) shown as significant differences
in AUC (P=0.003, P=0.001, P=0.001, respectively). Higher sensitivity/specificity were
demonstrated by MRE in predicting fibrosis scores ≥F2 (91%/97%), scores ≥F3 (92%/95%), and
scores F4 (95%/87%) compared to DWI (84%/82%, 88%/76%, and 85%/68%). Although MRE
had higher ability in identification of liver with fibrosis scores ≥F1 than DWI, a significant
difference was not seen (P=0.398). Stiffness values on MRE increased in relation to increasing
severity of fibrosis as confirmed by histopathology scores; however, a consistent relationship
between apparent diffusion coefficient (ADC) values and stage of fibrosis was not demonstrated.
In addition, liver tissue with chronic hepatitis preceding fibrosis may account for mild elevation of
liver stiffness.
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CONCLUSIONS—MRE had greater predictive ability in distinguishing the stages of liver
fibrosis compared with DWI.

INTRODUCTION
Hepatic fibrosis is a wound-healing response to multiple types of chronic liver disease and
injury [1]. Beyond being a marker of hepatic injury, fibrosis appears to play a direct role in
the pathogenesis of cirrhosis, hepatocellular carcinoma and portal venous hypertension,
leading to increased morbidity and mortality [2–3]. Effective treatment of chronic liver
diseases may result in significant decrease in the severity of hepatic fibrosis, even advanced
fibrosis, as seen in hepatitis B and autoimmune hepatitis [4–5]. Accurate determination of
the extent of fibrosis is essential in patients with chronic liver disease in order to assess the
need for and response to therapy [4–6]. In this regard, liver biopsy has been used as the gold
standard for characterization of hepatic fibrosis; however, biopsy has several inherent
problems, including sampling error, high cost, morbidity, and low patient acceptance.
Biopsy is also too invasive for frequent monitoring to follow treatment response to
expensive, and potentially toxic, antifibrotic therapy [7–8]. An equally reliable,
reproducible, and noninvasive alternative for the diagnosis and staging of fibrosis would
potentially have greater clinical utility.

Recently, magnetic resonance elastography (MRE) has been developed as a noninvasive
functional MR imaging method for detecting and staging liver fibrosis. It has been suggested
that changes in the mechanical properties of liver tissue such as elasticity and stiffness may
correlate with the extent of hepatic fibrosis, effects of chronic hepatitis prior to fibrosis, and/
or increased portal venous pressure [9–11]. Liver stiffness among patients with chronic liver
disease has been recently evaluated using MRE [12–15]. These studies have shown that
increased shear stiffness measured on MRE is associated with increased severity of the
fibrotic process. In addition, MRE has a relatively high sensitivity and specificity for
predicting the stage of hepatic fibrosis [12–15].

Along with MRE, diffusion-weighted MR imaging (DWI) has been increasingly used to
assess liver fibrosis. In theory, DWI measures the random motion of water molecules in
biologic tissues, producing representative Apparent Diffusion Coefficient (ADC) values
[16]. In prior studies, lower ADC values have been observed in cirrhotic liver compared to
normal liver tissue, which may be the result of decreased capillary perfusion and/or
restricted diffusion by extracellular fibrosis [17–25]. In addition, it has been shown that
ADC values can be used as a predictive marker of moderate and advanced fibrosis [19, 21,
23].

The purpose of our study is to compare the ability of MRE and DWI to detect and
characterize chronic hepatitis and liver fibrosis in patients with chronic liver diseases using
histopathology as the reference standard.

MATERIAL AND METHODS
Patients

This study was approved by our institutional review board (IRB) and was compliant with the
Health Insurance Portability and Accountability Act (HIPAA). Patients were evaluated
following written informed consent for acquisition of MRE. Between October 2008 and
November 2009, 127 patients with suspected cirrhosis or portal venous hypertension were
prospectively evaluated with routine abdominal MRI, MRE and DWI. The inclusion criteria
for subjects were as follows: 1) interval time between percutaneous liver biopsy and MR
imaging acquisition was less than 1 year; 2) adequate image quality of MRE and DWI was
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obtained. Fifty-one patients were excluded in a result of following reasons: lack of
histopathological documentation in 42 patients; non-diagnostic exams in 2 patients with
hemochromatosis; suboptimal image quality in 2 patients because of the failure to generate a
satisfactory mechanical wave through the abdomen. In addition, we excluded patients with
other potential causes of elevated stiffness values, including 2 patients with acute rejection
of liver transplant, which could cause tissue congestion [11, 26], and 3 patients with portal
venous thrombosis, which might contribute to portal hypertension [27]. None of the patients
in this study to our knowledge had prior antiviral therapy and none had significant ascites.
We avoided any potential artifacts on the diffusion weighted images and the MR
elastography.

Our final cohort consisted of 76 patients (50 men and 26 women; median age 55 years;
range 20 to 74). The etiologies of chronic liver disease were viral hepatitis in 47 patients
(chronic hepatitis C in 44 patients, chronic hepatitis B in 2 patients, chronic hepatitis C
combined with alcohol abuse in 1 patient), nonalcoholic steatohepatitis (NASH) in 5
patients, nonalcoholic steatosis in 3 patients, autoimmune diseases in 9 (autoimmune
hepatitis in 4 patients and primary sclerosing cholangitis in 5), Wilson’s disease in 1, cystic
fibrosis in 1, heavy alcohol abuse in 1, and nonspecific chronic liver disease in 9 patients.

MR Imaging
A 1.5-T MR system (Magnetom Espree, Siemens Medical Solutions, Inc., Erlangen,
Germany) was used for acquisition of routine clinical MR, MRE and DW images. The
gradient strength was 33mT/m with a slew rate of 100 T/m/s. All patients were examined in
the supine position. Six-element phased array matrix coil (anterior) and 6-elements of a
spine matrix coil (posterior) were used for signal reception.

Routine Abdominal MR Imaging—Our anatomical MR protocol consisted of breath-
hold axial and coronal T2-weighted half-Fourier acquisition single-shot turbo spin echo
(HASTE), axial in and opposed phase chemical shift imaging, breath-hold T2-weighted
turbo spin-echo (TSE) with fat suppression and dynamic contrast enhanced T1-fat
suppressed gradient echo images. The parameters of HASTE were the following: repetition
time (TR) /echo time (TE), 1000/60 msec; flip angle, 160°; matrix, 256×179; slice thickness,
5 mm without gap; rectangular field of view (FOV), 360–400mm and number of signals
acquired, one. Transverse breath-hold in and opposed phase T1-weighted images were
obtained by following parameters: TR/TE, 150–200/2.3 (opposed phase) - 4.6 (in phase);
flip angle, 70°; matrix, 256×179; section thickness, 6 mm; gap, 1 mm; FOV, 360–400mm;
and number of signals acquired, one. Unenhanced and dynamic gadolinium-enhanced T1-
weighted images were acquired by fat-suppressed gradient echo imaging using shared
prepulses (SHARP). The parameters were the following: TR/TE, 120–160/1.9; flip angle,
80°; slice thickness, 6mm; gap, 1.8mm; matrix, 256×179; FOV, 360–400 mm; 23 slices
acquired in breath-hold of 20 seconds. Dynamic gadolinium-enhanced MR images were
acquired in the arterial phase (scan time based on fluoroscopy-preparation timing sequence),
venous phases (45–60 and 90 seconds), and delayed phase with images obtained 2–5
minutes after contrast injection. Gadopentetate dimeglumine (Magnevist; Bayer HealthCare
Pharmaceuticals, Berlin, Germany) was administered at a dose of 0.1 mmol/kg, followed by
20 ml saline flush (2ml/sec) with a power injector (Spectris; Medrad Warrendale, PA).

Magnetic Resonance Elastography—A prototype system for MR Elastography
developed at the Mayo Clinic (Rochester, United States) was used for these studies. This
system consisted of an acoustic driver system, a gradient echo MRE pulse sequence, and
special software for data analysis. A 19-cm diameter, 1.5 cm thick cylindic passive driver
was placed against the right chest wall over the liver with the center of the driver at the level
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of the xiphoid of the sternum. The passive driver was held in place with an abdominal
binder. Continuous acoustic vibration at 60 Hz transmitted from an active driver to the
passive driver through a flexible vinyl tube was used to produce propagating shear waves in
the liver. A test vibration was first applied on the patient to familiarize the patient with the
vibration. The propagating shear waves were imaged with a modified phase contrast
gradient-echo sequence (MRE sequence) for collection of axial wave images sensitized
along the through-plane direction of motion. The parameters of the MRE sequence were as
follows: TR/TE, 100/24.2 msec; flip angle, 15°; bandwidth, 260Hz/pixel; imaging
frequency, 63.5MHz; acquisition matrix, 256×64; section thickness, 5mm; FOV, 390×390
mm2. The scanning time of each transaxial slice was 29 seconds with breath-hold. Four
different transaxial slices were acquired. One pair of 1.76 G/cm (1.76×10−4 T/cm) motion-
encoding gradients was synchronized to the passive pneumatic driver by using a trigger
provided by the imager. This trigger was varied to obtain four phase-offset images during a
cycle. For each imaging plane, the motion-encoding gradients were applied successively in
the two directions orthogonal to the vibration direction of the driver. Quantitative images
displaying shear stiffness (MR elastograms) were generated by processing the acquired
images of propagating shear waves with a previously described direct inversion algorithm
[13–15, 28–29].

DW MR Imaging—All DWI were obtained using a spin-echo echo planar imaging (EPI)
sequence. Integrated parallel imaging techniques using generalized autocalibrating partially
parallel acquisitions (GRAPPA) were used with a twofold acceleration time. The parameters
were: TR/TE, 5000/80msec; bandwidth, 1446 Hz/pixel; acquisition matrix, 156×192;
section thickness, 6 mm; gap, 1.8mm; FOV, 300–400 mm; partial Fourier factor 6/8;
averages, 2; parallel imaging factor of 2; SPAIR fat saturation pulse; twice-refocused spin-
echo diffusion weighting to reduce eddy current-induced distortion with b values of 50, 500
and 1000 sec/mm2. All separate image series were acquired with diffusion weighting in the
axial direction using tridirectional diffusion gradients. The total slices of 2D DW images
varied based on the length of the liver and generally approximately 30 slices were acquired
when performing DW images.

MR Imaging Analyses
MRE and DW Images Analysis—Two radiologists, with 8 years and 18 years of
experience in body MR, performed consensus reading of MRE and DW imaging. The
radiologists were blinded to the patients’ clinical and histopathologic results.

Based on evaluation of conventional MR images, three round- or oval-shaped regions-of-
interest (ROIs) of 2–3 centimeters (cm) were placed on the right lobe of liver. Bile ducts and
large vessels within the liver, artifacts from motion, including pulsatile motion artifacts from
the heart and aorta, areas with poor signal to noise, and the region just below the driver and
left lobe of liver were avoided [13–15].

For stiffness measurement using MRE, the ROI's were first visually transposed into the
wave images to ensure that they were placed in regions with adequate wave amplitude. The
ROI locations were then visually transposed into the quantitative elastogram images and
mean stiffness values (in kilopascals) were calculated [13–15]. The overall stiffness value of
the heterogeneous liver was calculated by averaging the mean value of shear stiffness on
each slice for the patients. We avoided any potential artifacts such as measurements seen
just below the acoustic driver.

For ADC values measurement, the ROIs were placed on the ADC maps. Commercially
available imaging software (Syngo, release 2004; Siemens Healthcare, Erlangen, Germany)
calculated ADC values on ADC map by averaging the signal intensity in three orthogonal
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planes for each b value and subsequently calculating the slope of the logarithmic decay
curve for signal intensity against b value [30–31]. Three round- or oval-shaped ROIs of 2–
3cm were placed in the right lobe of liver. The ROIs were carefully adjusted according to
the adjacent anatomical landmarks to ensure that the placement of ROIs was the same as on
the MR elasticity map. In addition, artifacts from motion and liver tissue with poor signal
noise were carefully avoided. The ADC values measured on different slices of the ADC map
were averaged to determine the overall ADC value of the liver.

Reproducibility Studies—To assess reproducibility of MRE and DWI results, five
healthy volunteers who had no known liver disease were scanned. Breath-hold T2-weighted
turbo spin-echo (TSE) with fat suppression was acquired for all of healthy volunteers.
According to the anatomical imaging, MRE and DWI were obtained using same protocol as
in the patients. The exams were performed on two separate occasions and blindly evaluated
separated by a period of 2 weeks to avoid memory bias [32]. In addition, twenty-five studies
with a variety of the different grades of fibrosis were evaluated on two separate occasions
separated by over 6 months to assess interobservor reproducibility.

Liver Histopathology—Specimens were obtained from percutaneous liver biopsies. The
quality of specimens was verified by an attending pathologist (C.E.Z). The median time
between MR imaging and subsequent biopsy was 60 days (range 1 day and 359 days).
Standard techniques for H&E and Masson trichrome staining were applied. Histopathology
slides were reviewed by an attending pathologist who was blinded to clinical information
and MR results in all cases. The quality of specimens was verified by the same attending
pathologist. When grading the fibrosis, areas with large portal tracts or subcapsular fibrotic
tissues were excluded. All patients in this study had adequate size biopsies. Fibrosis staging
was performed using classification systems developed for the specific liver disease
etiologies under study. The METAVIR system [33] was used for patients with chronic viral
disease and autoimmune hepatitis. In addition, fibrosis staging for patients with nonalcoholic
steatohepatitis (NASH) was based on the Brunt system [34] and fibrosis staging associated
with cholestatic liver disease was assessed by the Batts and Ludwig system [35]. Liver
fibrosis was classified as the following: F0, no fibrosis; F1, mild fibrosis; F2, moderate
fibrosis; F3, advanced fibrosis; F4, cirrhosis. Based on the Batts-Ludwig system [35], grades
of hepatocellular necroinflammatory activity were scored as: A0, no activity; A1, mild
activity; A2, moderate activity; and A3, severe activity.

Statistical Analysis
Liver shear stiffness values and ADC values are reported as median values with interquartile
ranges and assessed by nonparametric methods, because distribution showed substantial
departure from normality (standardized kurtosis and standardized skewness >2 and
significant Shapiro-Wilks test for normality, P<0.0001).

The shear stiffness values and ADC values of different groups were compared using the
Kruskal-Wallis H test. Pair-wise comparisons for groups with n>1 were performed using the
Mann-Whitney U test with Bonferroni correction for multiple comparisons. The correlation
of stiffness values and ADC values with stage of fibrosis was analyzed by the nonparametric
method of Spearman's rank correlation coefficient.

Based on the METAVIR system [33], Brunt system [34] and Batts and Ludwig system[35],
the overall predictive power of liver stiffness values and ADC values for detecting and
staging fibrosis was determined by constructing a receiver operating characteristic (ROC)
curve of the sensitivity versus 1– specificity and calculating the area under the curve (AUC).
Optimal cutoff values were chosen based on the intersection of sensitivity and specificity, as
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well as positive and negative predictive values. AUC values for liver MRE stiffness and
ADC values for predicting stage of fibrosis were compared for equivalence using non-
parametric methods.

To assess reproducibility of readings using DWI and MRE, twenty five randomly selected
patients with no fibrosis and variable stages of fibrosis were assessed by rereading the
studies after a period of six months to avoid memory bias. Intra-class correlation for ROI
measurements of the cases between the two radiologists was measured using pair-wise
comparisons with Tukey’s studentized range test. A value greater than 0.75 was considered
to represent good agreement [32]. In addition, 95% limits of agreement of stiffness and
ADC values between the first and second MRE and DW imaging were evaluated using
Bland-Altman plots shown as percentage of mean values to estimate the magnitude of
change in ADCs that can confidently be detected in a single individual [32].

A P < 0.05 was required to reject the null hypothesis. Statistical analysis was performed
with the PASW (Predictive Analytics Software, version 17.02; SPSS Inc. Chicago, IL).

RESULTS
Fibrosis Staging and Necroinflammatory Activity Grading

The stages of fibrosis and grades of necroinflammatory activity observed among the 76
subjects on histopathologic analysis are summarized in Table 1. Among the 32 patients who
had no fibrosis, 9 patients had no chronic hepatitis and 23 patients had mild to severe
necroinflammatory activity. Of the 44 patients with some degree of fibrosis, 12 patients had
fibrosis of stage 1 (Fig 1), 6 had fibrosis of stage 2 (Fig 2), 6 had fibrosis of stage 3 (Fig 3),
and 20 had cirrhosis (Fig 4).

Reproducibility of Stiffness and ADC Values Measurements—The 95% limits of
agreement between stiffness values measured on repeated MRE imaging ranged from 17.0%
to 21.1% of mean stiffness values. The 95% limits of agreement between ADC values
measured on DW images ranged from 10.2% to 13.0% of mean ADC values. The stiffness
and ADC values of healthy volunteers are summarized in Table 2.

In the 25 studies that were individually reviewed by the two observers, excellent agreement
between two observers in measurements of stiffness values using MRE was seen with an
intra-class correlation of 0.98, and corresponding 95% confidence interval (95% CI, 0.96–
0.99). In comparison, good agreement between two observers in measurements of ADC
values using DWI was obtained with an intra-class correlation of 0.83 with 95% CI (0.65–
0.92).

Liver Stiffness Values with MR Elastography
Liver tissues without fibrosis had lower median shear stiffness (3.16kPa; interquartile range,
2.62 to 3.58) than tissues with any degree of fibrosis (6.37; 4.73 to 8.12; P<0.0001). Liver
stiffness values increased with the stage of fibrosis and comparisons of stiffness values in
each stage of fibrosis are shown in Table 3. A positive linear correlation between shear
stiffness values and stage of fibrosis was observed (ρ=0.866; P<0.0001).

Furthermore, liver parenchyma with chronic hepatitis and without fibrosis (A1-3/F0) had
higher median stiffness values (3.32kPa; interquartile range, 3.03 to 4.10) than that of tissue
without chronic hepatitis and fibrosis (A0/F0) (2.61; 1.96 to 2.79; P=0.0031). Although liver
parenchyma with chronic hepatitis and no fibrosis (A1-3/F0) had lower median stiffness
compared to tissue with stage 1 fibrosis (3.50; 3.42 to 3.90), a significant difference was not
observed (P=0.2008). However, liver parenchyma with chronic hepatitis and without
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fibrosis (A1-3/F0) had a significantly lower median stiffness value than those of tissues with
stage 2 fibrosis (5.68; 4.65 to 5.97; P=0.0014), stage 3 fibrosis (6.79; 6.10 to 8.56;
P=0.0003), and cirrhosis (8.06; 7.07 to 9.91; P<0.0001). Comparison of stiffness values
among groups is shown in Figure 5.

Liver ADC Values with DW Imaging
A difference in median ADC values was observed between tissues without fibrosis
(1.00×10−3mm2/sec; interquartile range, 0.95 to 1.06) and tissues with any amount of
fibrosis (0.90; 0.86 to 0.99; P<0.0001). Comparison of ADC values in each stage of fibrosis
is shown in Table 3. Although an inverse correlation between ADCs and stage of fibrosis
was observed (ρ= −0.661; P<0.0001), median ADC values did not consistently decrease
with increasing stages of fibrosis.

Liver tissue with chronic hepatitis and no fibrosis (A1-3/F0) had a lower median ADC value
(0.99×10−3mm2/sec; interquartile range, 0.94 to 1.02) than tissue without fibrosis and
without chronic hepatitis (A0/F0) (1.07; 1.01 to 1.17) with a significant difference
(P=0.016). Furthermore, liver parenchyma with chronic hepatitis and without fibrosis (A1-3/
F0) had a significantly higher median ADC value than those of parenchyma with each stage
of fibrosis (A1-3/Fn) (F1: 0.91; 0.88 to 0.99; P=0.039; F2: 0.89; 0.85 to 0.99; P=0.029; F3;
0.88; 0.81 to 0.90; P=0.016; F4; 0.88; 0.84 to 0.91; P=0.012). Comparison of ADC values
among groups is shown in Figure 6.

Comparison of MRE and DW Imaging
Using ROC analysis, MRE demonstrated significantly greater ability in predicting fibrosis
stage 2 or greater (≥F2) compared to DWI as shown by AUC/sensitivity/specificity of
0.98/91%/97% and 0.86/84%/82%, respectively (P=0.003). A significant difference in AUC
was obtained in predicting stage 3 or greater (≥F3) between MRE (0.99) and DWI (0.84)
with sensitivity of 92% and 88%, and specificity of 95% and 76%, respectively (P=0.001).
In addition, MRE showed greater capability than DWI in discriminating cirrhosis (F4) as
shown by AUC/sensitivity/specificity of 0.95/95%/87% and 0.78/85%/68%, respectively,
(P=0.001). ROC analysis showed that AUC/sensitivity/specificity for MRE and DWI were
0.92/72%/100% and 0.88/75%/94% in identification of tissue with fibrosis stage 1 or greater
(≥F4); however, a significant difference was not seen (P=0.398).

Cut-off values at intersection of sensitivity and specificity for MRE and DWI in detecting
and staging fibrosis are summarized in Table 4. Corresponding sensitivity, specificity,
positive predictive value and negative predictive value for MRE and DWI are shown in
Table 3. MRE had greater capability in discriminating each stage of fibrosis compared to
DWI, as demonstrated by ROC analysis (Fig 7a, b, c, d).

DISCUSSION
In this study, the diagnostic performances of MRE and DWI in detection and
characterization of hepatitis and fibrosis in patients with various chronic liver diseases were
evaluated and compared. We demonstrated that MRE had greater accuracy in assessing the
severity of fibrosis compared to DWI, when using histopathology as the gold standard.

MRE showed a combination of high sensitivity, specificity, positive predictive value and
negative predictive value in characterizing severity levels of fibrosis. High accuracy is
critical because according to the American Association for the Study of Liver Diseases
(AASLD), patients can be accepted as candidates for anti-virus treatment only when
substantial fibrosis (≥F2) is observed, especially with hepatitis C genotype 1 infection [6].
High accuracy in discrimination of fibrosis with stage 3 or greater is essential because
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patients with advanced fibrosis or cirrhosis should be screened for portal hypertension and
hepatocellular carcinoma [6]. Consistent with prior studies [12, 15], we found that liver
stiffness values measured on MR elastography increased in parallel with the degree of
fibrosis. In particular, MRE showed great ability to identify fibrosis stage ≥2 (F2-4) and
stage ≥3 (F2-4) with cut-off values of 5.37kPa and 5.97kPa, representing a combination of
high sensitivity (91% and 92%) and specificity (97% and 95%). In comparison, Yin et al.
reported sensitivity of 86% and 78% and specificity of 85% and 96% with cut-off values of
4.89kPa and 6.47kPa, respectively [15]. Huwart et al. showed similar high sensitivity of
98% and 95% and specificity of 100% and 100% for discrimination although relatively
lower cut-off values of 2.5kPa and 3.1kPa were used [12]. The variety of cut-off values
obtained by the present study and prior studies may be potentially explained by MR
elastography acquired using different scanner manufacturers, case mix, imaging protocols
and/or postprocessing procedures.

Compared to MRE, DWI showed more limited ability in distinguishing each stage of
fibrosis with lower sensitivity and specificity. ADC values did not significantly decrease
with increasing histopathology stage, which was different from MRE where the observed
pressures increased with increasing stages of fibrosis. Nonetheless, liver tissues with fibrosis
stage 2 or greater (≥F2) and stage 3 or greater could be distinguished by ADC values on
DWI showing sensitivity of 84% and 88%, and specificity 82 % and 76% in the present
study. Comparable results with sensitivities of 83% and 89%, and specificities of 83% and
80% was demonstrated by Taouli et al in predicting stage 2 or greater (≥F2) and stage 3 or
greater fibrosis (≥F3) [19]. As DW images were acquired by different b values and
protocols and likely different patient populations, ADC values of cirrhosis were not
consistent throughout the literature. Examples include ADC cut offs of
1.41±0.07×10−3mm2/sec by Taouli et al [19]; 0.88±0.26×10−3mm2/sec by Kim et al [25];
and 1.11±0.16×10−3mm2/sec by Girometti et al. [36]. Although there were various ADC
values for the diagnosis of cirrhosis, the cirrhotic liver tissues had consistently significantly
lower ADC values compared to liver tissues with no fibrosis as seen in the present study and
prior studies [19, 22–23, 25]. Prior published studies with DWI showed moderate sensitivity
and specificity in distinguishing advanced fibrosis to cirrhosis (F3–4) from lesser degrees of
fibrosis. However, considerable overlap in ADC values between tissues with cirrhosis and
with no to moderate fibrosis was also observed [19, 23]. Further study is required to evaluate
how various ADC values of liver tissue may be influenced by other factors associated with
chronic liver diseases besides fibrosis [16, 20, 37].

In addition, detecting the presence of hepatitis is essential in following liver disease
progression because of its close association with the progression of fibrosis and evolution to
cirrhosis [4]. As suggested by a prior study, chronic hepatitis before the development of
fibrosis may account for elevation of liver stiffness [9]. Liver tissues with pathologically
proven chronic hepatitis preceding the development of fibrosis showed mild increased
stiffness values on MRE in our study compared to tissues lacking chronic hepatitis and
fibrosis. However, chronic hepatitis without fibrosis had less of an influence on the
mechanical properties of liver tissue than those with moderate fibrosis to cirrhosis, as shown
by the significantly lower stiffness measurements on MRE in our study. In a recent clinical
study by Arena et al, a significant increase in stiffness values caused by the onset of acute
viral hepatitis was observed using transient US elastography [38]. However, variations in
liver stiffness caused by inflammation as a result of chronic hepatitis were not analyzed in
prior MRE studies. We also found DWI showed lower mean ADC values of inflamed liver
tissue compared to liver tissue without hepatitis and fibrosis. This might suggest that the
presence of inflammation, in addition to fibrosis, might influence the restriction of water
diffusion and cause a decrease in ADC values.
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This study has some potential limitations. First, the small sample size of subjects with
fibrosis stage 2 and stage 3 may lead to statistical bias although prior reports have had
similar small numbers [15, 19]. In addition, the relatively higher portion of patients with
cirrhosis may influence the accuracy of DW imaging in staging fibrosis because the
potential for perfusion effects will confound the measurement of diffusion. However, the
ADC maps used in the present study were created from diffusion-weighted images with
longer b values of 50, 500, and 1000 sec/mm2 and consequently the perfusion component
can be minimized. Second, we did not evaluate the influence of steatosis, iron overload, and
edema on stiffness and ADC measurements. Third, we included subjects who underwent
biopsy within 1 year of MRE (median interval 60 days). The stage of fibrosis may have
changed during the period between biopsy and imaging analysis, which could potentially
affect our results. Repeated biopsies were not justified on a clinical basis and the assumption
was that a maximum of one year was a reasonable time period.

In conclusion, MRE holds promise as a non-invasive imaging procedure in detecting and
staging liver fibrosis in patients with chronic liver disease and has the potential to replace
liver biopsy in some patients. As fibrosis is believed to be a dynamic and potentially
reversible process with successful treatment, MRE can be potentially used as a technique for
monitoring response to therapy. Although DWI showed lower discriminatory capability in
staging fibrosis compared to MRE, it may be used as an adjunct MR imaging tool to assess
for the presence or absence of severe liver fibrosis especially when MR elastography is not
available.
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Fig. 1.
20-year-old woman with history of cystic fibrosis. Stage 1 hepatic fibrosis and grade 1
necroinflammatory activity seen at histopathologic analysis following liver biopsy.
A, MR elastogram shows shear stiffness value of 3.45kPa.
B, DWI with b50 sec/mm2 image had calculated ADC value of 0.99×10−3mm2/sec.
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Fig. 2.
47-year-old woman with history of primary sclerosing cholangitis. Stage 2 hepatic fibrosis
and grade 2 necroinflammatory activity seen at histopathologic analysis following liver
biopsy.
A, MR elastogram shows shear stiffness value of 5.55kPa.
B, DWI with b50 sec/mm2 image had calculated ADC value of 0.99×10−3mm2/sec.
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Fig. 3.
56-year-old man with history of heavy alcohol abuse. Stage 3 hepatic fibrosis and grade 1
necroinflammatory activity seen at histopathologic analysis following liver biopsy.
A, MR elastogram shows shear stiffness value of 6.69kPa.
B, DWI with b50 sec/mm2 image had calculated ADC value of 0.89×10−3mm2/sec.
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Fig. 4.
57-year-old man with history of chronic hepatitis C combined with alcohol abuse. Stage 4
hepatic fibrosis and grade 1 necroinflammatory activity are observed by histopathologic
analysis following liver biopsy.
A, MR elastogram shows shear stiffness value on MRE of 11.2kPa.
B, DWI with b50 sec/mm2 image had calculated ADC value of 0.90×10−3mm2/sec.

Wang et al. Page 15

AJR Am J Roentgenol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Box plot shows shear stiffness values of various stages of fibrosis. Individual data are
presented as circles. The horizontal line through each box represents median value and box
represents data from the 25th to the 75th percentile (middle 50% of observations). The
whiskers represent data from the minimum to the maximum excluding far out values which
are displayed as separate circles (Kruskal-Wallis H test and Mann-Whitney U test).
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Fig. 6.
Box plot shows ADC value of various stages of fibrosis. Individual data are presented as
circles. The horizontal line through each box represents median value and box represents
data from the 25th to the 75th percentile (middle 50% of observations). The whiskers
represent data from the minimum to the maximum excluding far out values which are
displayed as separate circles (Kruskal-Wallis H test and Mann-Whitney U test).
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Fig. 7.
Receiver operator characteristic curves (ROC) analysis of MRE and DWI in distinguishing
each stage of hepatic fibrosis
A, ROC analysis for MRE and DWI to distinguish liver tissue with no fibrosis from tissues
with fibrosis stage 1 or greater (F1-4). The AUC for MRE is 0.92 (95% CI, 0.84 to 0.97) and
for DWI is 0.88 (95% CI, 0.78 to 0.94). The difference in AUC is 0.04 (95% CI, -0.06 to
0.14) (P=0.398).
B, ROC analysis for MRE and DWI to distinguish liver tissue with no to mild fibrosis (F0-1)
from moderate fibrosis to cirrhosis (F2-4). The AUC for MRE is 0.98 (95% CI, 0.92 to 1.00)
and for DWI is 0.86 (95% CI, 0.76 to 0.93). The difference in AUC is 0.12 (95% CI, 0.04 to
0.22) (P=0.003).
C, Receiver operator characteristic curves for MRE and DWI to distinguish liver tissue with
no to moderate fibrosis (F0-2) from advanced fibrosis to cirrhosis (F3-4). The AUC for
MRE is 0.99 (95% CI, 0.93 to 1.00) and for DWI is 0.84 (95% CI, 0.74 to 0.92). The
difference in AUC is 0.15 (95% CI, 0.06 to 0.23) (P=0.001).
D, Receiver operator characteristic curves for MRE and DWI to distinguish liver tissue with
no to moderate fibrosis (F0-3) from advanced fibrosis to cirrhosis (F4). The AUC for MRE
is 0.95 (95% CI, 0.87 to 0.99) and for DWI is 0.78 (95% CI, 0.68 to 0.87). The difference in
AUC is 0.17 (95% CI, 0.06 to 0.27) (P=0.001).
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Table 2

Stiffness values and ADC values of healthy volunteers on two separate examinations

Stiffness values (kPa Mean ± SD) ADC values (×10−3mm2/sec Mean ± SD)

First Second First Second

1 2.31±0.51 2.44±0.45 1.17±0.11 1.15±0.12

2 2.14±0.17 2.05±0.43 1.17±0.09 1.07±0.09

3 2.32±0.10 2.51±0.31 1.13±0.20 1.22±0.04

4 1.96±0.43 2.26±0.32 1.25±0.12 1.22±0.14

5 2.31±0.29 2.06±0.35 1.18±0.13 1.17±0.14
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Table 3

Comparison of shear stiffness and ADC values of liver parenchyma with various stages of severity of fibrosis

Stiffness value (kPa) ADC value (×10−3mm2/sec)

Median; interquartile range Median interquartile range

F0 3.16; 2.62 to 3.58 1.00; 0.95 to 1.06

F1 3.50; 3.42 to 3.90 0.91; 0.88 to 0.99*

F2 5.68; 4.65 to 5.97† 0.89; 0.85 to 0.99*

F3 6.79; 6.10 to 8.56‡ 0.88; 0.81 to 0.90*

F4 8.06; 7.07 to 9.91‡ 0.88; 0.84 to 0.91*

*
different from F0; P<0.05

†
different from F0, F1; P<0.05

‡
different F0, F1, F2; P<0.05
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Table 4

Comparison of overall predictive power of MRE and DWI in predicting and staging fibrosis

F0/ F1-4 (95% CI) F0-1/ F2-3-4 (95% CI) F0-1-2/ F3-4 (95% CI) F0-1-2-3/ F4 (95% CI)

Stiffness value (kPa)

Cut-off value 5.02 5.37 5.97 5.97

Sensitivity (%) 72 (56 to 85) 91 (75 to 98) 92 (75 to 99) 95 (75 to 100)

Specificity (%) 100 (88 to 100) 97 (87 to 100) 95 (86 to 100) 87 (75 to 94)

PPV (%) 100 (88 to 100) 97 (83 to 100) 92 (74 to 99) 73 (55 to 88)

NPV (%) 72 (56 to 85) 93 (81 to 99) 96 (86 to 100) 98 (89 to 100)

ADC value (×10−3mm2/sec)

Cut-off value 0.91 0.91 0.91 0.91

Sensitivity (%) 75 (60 to 87) 84 (67 to 95) 88 (70 to 87) 85 (62 to 97)

Specificity (%) 94 (79 to 99) 82 (67 to 92) 76 (51 to 77) 68 (54 to 79)

PPV (%) 94 (81 to 99) 77 (60 to 90) 66 (48 to 81) 49 (31 to 66)

NPV (%) 73 (57 to 86) 87 (74 to 96) 93 (80 to 99) 93 (80 to 99)
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