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Abstract

Objective: To investigate the usefulness of intravoxel
incoherent motion (IVIM) in determining the severity of
hepatic fibrosis, steatosis, and inflammation in patients
with chronic liver disease.

Methods: Forty-nine patients who had liver MRI with
IVIM sequence and liver biopsy within three months of
MRIwereenrolled. A reviewer, blinded to histology, placed
regions of interest of 1-2 cm? in the right liver lobe. In
addition, the first twenty patients were assessed with a
second reviewer. Perfusion fraction (f), pseudodiffusion
coefficient (Dy,), true diffusion coefficient (Dyoy), and
apparent diffusion coefficient (ADC) were calculated from
normalized signal intensities that were fitted into a biexpo-
nential model. Errors in the model were minimized with
global stochastic optimization using Simulated Annealing.
ANOVA with post hoc Tukey—Kramer test and multivari-
ate generalized linear model analysis were performed, using
histological findings as the gold standard.

Results: The most common etiologies for liver disecase were
hepatitis C and alcohol, accounting together for 76% (37/
49) of patients. Low-grade fibrosis (FO, F1), hepatic
steatosis, and inflammation were seen in 24% (12/49), 31%
(15/49), and 29% (14/49) of patients, respectively. The
interobserver correlation was poor for Dg, and Dgoy
(0.105, 0.173) and moderate for fand ADC (0.461, 0.418).
ANOVA showed a strong inverse association between
Dy, and liver fibrosis grade (p = 0.001). A weak inverse
association was seen between ADC and hepatic steatosis
(p = 0.059). Multivariate general linear model revealed
that the only significant association between IVIM
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parameters and pathological features was between Dy,
and fibrosis. On ROC curve analysis, Dg,; < 23.4 x 1072
mm?/s had a sensitivity of 82.8% and a specificity of 64.3%
in predicting high-grade fibrosis.

Conclusion: Dy, has the strongest association with hepatic
fibrosis but has weak interobserver correlation. IVIM
parameters were not significantly associated with hepatic
inflammation or steatosis.

Key words: MRI—Hepatic fibrosis—Hepatic
steatosis—Hepatitis—IVIM

Hepatic fibrosis is a wound-healing response to chronic
liver injury. Left untreated, fibrosis may progress to
irreversible cirrhosis and complications such as portal
hypertension, hepatic encephalopathy, and hepatocellu-
lar carcinoma (HCC). However, progression of early
fibrosis is potentially reversible by antifibrotic therapy or
by the removal of the offending etiology [1, 2]. Thus,
early detection and staging of hepatic fibrosis is impor-
tant for prognosis and determining need for intervention,
e.g., with antiviral therapy or commencement of screen-
ing for HCC. Liver biopsy is considered the gold stan-
dard for determining the stage of hepatic fibrosis.
However, this reference standard has several drawbacks,
including procedural complications, sampling errors, and
interobserver variation in classifying liver fibrosis.
Employment of noninvasive tools in diagnosing and
monitoring hepatic fibrosis has been a focus of sub-
stantial research.

Several MRI techniques have been used to study
hepatic fibrosis, including diffusion-weighted imaging
(DWI), dynamic contrast-enhanced MR, hepatobiliary
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Inclusion Criteria

January 2012 and December 2014
n=281

Patients found on database search:

Exclusion criteria

No liver biopsy within 3 months of
IVIM
Nondiagnostic quality IVIM

1

Only 3 b values acquired

| Had DWI but not IVIM | n-7a

l

[ Did not have liver biopsy

n=152

’ * No pathological confirmation

[ Images unreadable due to artifact

DWI images
* n=6

‘ * Could not measure signal intensity on

IVIM and concurrent liver biopsy
n=49

phase parenchymal enhancement seen on gadoxetic acid-
enhanced MR, and MR elastography [3-9]. Among these
techniques, DWI was particularly interesting because it
was hoped that excessive extracellular accumulation of
collagen, glycosaminoglycans, and proteoglycans would
restrict molecular diffusion of water and result in lower
apparent diffusion coefficient (ADC) values than normal
liver parenchyma [10]. However, it has been found that
ADC cannot be reliably used to distinguish between
different intermediate stages of hepatic fibrosis [11-14].

In 1986, Le Bihan et al. [15] proposed the principles of
intravoxel incoherent motion (IVIM). This technique
uses a more sophisticated approach to diffusion-weigh-
ted imaging to separately determine tissue diffusivity and
tissue microperfusion [16]. Since altered blood perfusion
occurs in chronic liver disease, perfusion parameters may
also be a surrogate marker for the severity of liver
fibrosis. A few studies have been conducted to correlate
the IVIM parameters with the degree of hepatic fibrosis
[3, 17-23]. Most prior studies did not assess for inter-
observer variation in IVIM parameters or for the effect
of liver fat and inflammation on these parameters. In
addition, many of these studies predominantly included
patients with hepatitis B, which is not a common cause of
liver fibrosis in the Western population. In this study, we
investigated whether IVIM-derived parameters may be
used reliably as a noninvasive tool for staging hepatic
fibrosis, inflammation, and steatosis.

Methods
Patients

For this retrospective Health Insurance Portability and
Accountability Act (HIPAA)-compliant study, the radi-

Fig. 1. Inclusion and
exclusion criteria and
derivation of study cohort.

ology database was searched for MRI examinations with
diffusion-weighted imaging (DWI) performed between
January 2012 and December 2014. Institutional review
board permission was obtained for retrospective assess-
ment of imaging and clinical data with waiver of in-
formed consent. Initial search revealed 281 patients.
Forty-nine patients with diagnostic quality IVIM images
and concurrent liver biopsy were included in the study.
The exclusion criteria and the derivation of the study
cohort are shown in Fig. 1.

MRI technique

MRI examinations were performed using a 1.5 T MRI
scanner (Magnetom Avanto, Siemens, Erlangen, Ger-
many). MRI parameters are listed in Table 1. For IVIM,
transverse echo-planar imaging was performed using a
6-clement phased-array body coil combined with a
phased-array spine coil. Frequency-selective fat satura-
tion was used to reduce off-resonance artifacts. Parallel
imaging was performed with generalized autocalibrating
partially parallel acquisitions (GRAPPA) with an accel-
eration factor (r) of 2. Respiratory triggering was
undertaken and the typical acquisition times were 12 to
15 min. Diffusion-weighted imaging was undertaken
with the b values of 0, 50, 100, 300, 600, and 800 s/mmz.

Image evaluation and post-processing

Image analysis was performed by an author with 6 years’
experience of viewing DWI images, and who was blinded
to clinical findings and radiological follow-up. Three
regions of interest (ROI) of 1-2 cm” were placed in the
right liver lobe avoiding areas of artifact, vessels, and
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Table 1. MRI parameters

TR/TE (ms) Flip angle (degrees) ST/SG (mm) NEX RBW Matrix
T1-weighted gradient echo 123/2.2 or 4.93* 70 7.0/0.7 1 445 256 x 135
T2-weighted HASTE 1110/95 150 5.0/6.0 1 475 256 x 192
T1-weighted fat-suppressed 3-dimensional gradient echo®  4.98/2.27 12 3.0/ 1 300 256 x 144
Diffusion-weighted imaging® 1500/71 90 6.0/7.8 4 1735 192 x 115

TR repetition time, TE echo time, ST slice thickness, SG gap between slices, NEX number of excitations, RBW receiver bandwidth in Hz/pixel,

HASTE half-Fourier acquisition single-shot turbo spin echo
% Echo time of 2.2 ms for out-of-phase, 4.93 ms for in-phase
® Performed before and after intravenous gadolinium

¢ Please see text for b values

masses. The ROIs were placed on different slices. The left
lobe was not used because of cardiac motion artifacts
that can potentially alter the diffusion measurement [23].
After obtaining three ROI values, the mean value was
extracted and recorded for secondary analysis. A second
reviewer performed the same measurements for the first
20 patients in the cohort.

Signal intensity associated with multiple b values was
modeled for IVIM according to established methods [19,
20, 22]. To account for receiver gain differences between
subjects and reviewer, MRI mean intensity values I(, r),
were normalized according to the following:

1(i,r)

Iu(i,r) va (1)

where I, I, r, and i are the normalized signal intensity,
non-normalized signal intensity, “7’th” subject, and
“r’th” reviewer, respectively. Normalized data (i.e., [0.0,
1.0]) were modeled using the following functional form:

(b, iyr) = Py(i,r) s e~ 0P

. 2
+ (1= P(i,r)) + e P Do < Dy, @

where y, Ps, b, Ds, Ds, i, and r are the modeled fit, per-
fusion fraction, b value, fast diffusion (i.e., pseudodif-
fusion)  coefficient associated  with  incoherent
microcirculation within the voxel, slow diffusion (i.c.,
true diffusion) coefficient representing pure molecular
diffusion, “7’th” subject, and “r’th” reviewer, respec-
tively. In all cases, the unweighted sum of squares error
was minimized (tolerance le—12) via global stochastic
optimization using Simulated Annealing [24].

Reference standard

The histopathological assessment of liver biopsy by ex-
pert hepatopathologists was used as the reference stan-
dard. Liver fibrosis was graded as F0, F1, F2, F3, F4 as
per previously published scoring system [25]. Inflamma-
tion was graded as None, Mild, and Severe and fat
content was graded as Normal (<5%), Mild (5-33%),

Table 2. Patient characteristics

Characteristic Number of patients (n = 49)

Age (mean, range—in years) 56.6 (32-73)
Gender
Male 35
Female 14
Fibrosis stage
0 4
1 8
2 2
3 9
4 26
Inflammation score
None 35
Mild 11
Severe 3
Fat content
None 34
Mild (5-33%) 9
Moderate and severe (>33%) 6
Etiology of liver disease®
Hepatitis C 35
Hepatitis B 3
Alcohol 24
Autoimmune 4
Other 7
Presence of portal hypertension on MRI
None 29
Yes 20

% Some patients had more than 1 etiology for liver disease

and Moderate/Severe (>33%) using previously estab-
lished criteria [18, 26].

Statistical analysis

The correlation between the IVIM parameters obtained
by the two reviewers (for subset of patients with two
reviewers) was calculated using Spearman’s coefficient.
The mean and standard deviation of IVIM parameters
were calculated for high-grade versus low-grade fibrosis
and those with different grades of hepatic steatosis or
inflammation. Low-grade fibrosis signified fibrosis staged
as FO or F1. One-way analysis of variance with post hoc
Tukey—Kramer test was performed to determine differ-
ences in IVIM parameters between the groups for each
histological feature. A multivariate generalized linear
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Fig. 2. Box-and-whisker plots for distribution of A Dy,
B Dsow, C perfusion fraction (f), and D ADC by histological
fibrosis stages. Boxes represent the interquartile range.

model was created using IVIM parameters as variables to
predict the grades of hepatic fibrosis, fat content, and
severity of inflammation. Receiver operating character-
istic curve analysis was performed to determine the area
under the curve for each IVIM parameter in patients
with low- versus high-grade fibrosis. A p value less than
0.05 was used to indicate statistical significance. Statis-
tical analysis was performed using MedCalc 11.1 (Med-
Calc Software, Mariakerke, Belgium) (for ROC curves)
and PASW 18.0. (SPSS Inc, Chicago, IlI).

Results
Patients

The patients’ epidemiology and liver disease are shown in
Table 2. The most common etiologies for liver disease
were hepatitis C and alcohol, accounting together for
76% (37/49) of cases. Low-grade fibrosis was seen in 24%
of patients (12/49), while 37 patients had F2 to F4
fibrosis. Hepatic steatosis was seen in 31% of patients
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Whiskers represent the range of all values. Horizontal line
within box is the median value. Circles and triangles refer to
outliers.

(15/49) and inflammation was present in 29% (14/49) of
patients.

Association of IVIM results and histological
findings

The Spearman correlation coefficients between the two
reviewers for Dy, Dgow, perfusion fraction (f), and
ADC were 0.105, 0.173, 0.461, and 0.418, respectively.
These correlations were weak (for Dy, and Dy,) and
moderate for ADC and f. Figure 2a—d shows the box-
and-whisker plots of the IVIM parameters for different
stages of fibrosis. There was a substantial overlap in the
values of Dy, Dsiow, I, and ADC for the different grades
of fibrosis.

Table 3 shows the mean and standard deviation of
IVIM parameters for patients with different histological
findings together with the results of one-way ANOVA.
There was a strong association between Dgg and the
degree of liver fibrosis (p = 0.001). Lower values of Dy,
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Table 3. IVIM parameters

Dslow f ADC

Fibrosis Drast
Low-grade fibrosis (n = 12) 54.5 (41.6)
High-grade fibrosis (n = 37) 35.4 (36.9)
p value* 0.001

No steatosis (<5%) (n = 34) 32.9 (35.9)
Mild steatosis (5-33%) (n = 9) 46.6 (44.4)
Moderate/severe steatosis (>33%) (n = 6) 22.6 (0.7)
p value* 0.475

No inflammation (n = 35) 28.3 (32.6)
Mild inflammation (n = 11) 40.9 (39.4)
Severe inflammation (n = 3) 32.2 (37.0)
p value* 0.645

1.273 (0.302)
1.222 (0.352)
0.672

1.226 (0.364)
1.182 (0.322)
1.320 (0.421)

0.165 (0.149) 1.642 (0.738)
0.162 (0.154) 1.422 (0.615)
0.765 0.201

0.151 (0.165) 1.489 (0.591)
0.163 (0.119) 1.417 (0.610)
0.286 (0.096) 0.649 (0.555)

0.764 0.261 0.059
1.296 (0.349) 0.122 (0.091) 1.747 (0.576)
1.231 (0.264) 0.177 (0.176) 1.155 (0.618)
1.174 (0.448) 0.164 (0.153) 1.584 (0.515)
0.634 0.620 0.127

Dy, slow diffusion (in 1073 mm? /s), Dyus fast diffusion (in 1073 mm? /s), f perfusion fraction, ADC apparent diffusion coefficient (in 1073

mm-~ /s)
* p values from one-way ANOVA with post hoc Tukey—Kramer test

were seen in high-grade fibrosis. A weaker association
(p = 0.059) was also seen between ADC and hepatic
steatosis, with ADC trending lower as hepatic fat content
increased.

Multivariate general linear model determined the ef-
fect of IVIM parameters on multiple variables—fibrosis,
fat, and inflammation. The only significant result of this
model was an association between D, and fibrosis
(p = 0.023). All other IVIM parameters were not found
to be significantly associated with any histological find-
ing.

Receiver operating characteristics analysis results are
shown in Fig. 3. Dgg had the highest, but not signifi-
cantly higher, area under the curve of the IVIM
parameters. A Dy, value of less than 23.4 x 107 mm?/s
had a sensitivity of 82.8% and a specificity of 64.3% in
predicting high-grade fibrosis.

Discussion

Several studies have investigated the use of diffusion-
weighted MRI in hepatic fibrosis staging. Most of these
studies concluded that ADC values significantly de-
creased in cirrhotic liver as compared with normal liver
[7, 8, 12, 27-32]. There was a general trend in the
reduction of ADC with increasing severity of fibrosis,
but there was a substantial overlap in the range of ADC
values for F1 to F4 fibrosis. Most studies did not find a
correlation between fibrosis staging and ADC values [7,
30-32], especially for grading intermediate stages of
fibrosis [12, 33]. Issues that cause differences in findings
between these studies include the lack of a standardized
imaging protocol and the confounding effects of
inflammation and steatosis [12, 13, 30, 33].

It is well known that perfusion contributes to ADC
changes that occur in chronic liver disease. A study on
rats suggested that microcapillary perfusion changed to a
greater extent than diffusion in liver injury caused by
carbon tetrachloride [34]. IVIM was introduced as a
technique to separate the diffusion- and perfusion-re-
lated parameters [35]. IVIM postulates that the signal
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Fig. 3. Receiver operating characteristic (ROC) curves of
IVIM parameters for differentiating between high- and low-
grade fibrosis. Dashed curve represents D Dotted curve
represents Dgow. Dot-dashed curve represents perfusion
fraction. Solid curve represents ADC measurements. Diago-
nal line represents the area under the curve (AUC) of 0.50.
The mean AUC (95% confidence interval) values for Diae,
Dgjow, perfusion fraction, and ADC were 0.706 (0.559—-0.828),
0.586 (0.436-0.725), 0.505 (0.359-0.651), and 0.590
(0.359-0.651), respectively.

attenuation with increasing b values may be expressed by
a biexponential, instead of a mono-exponential, equation
and gives rise to three additional parameters: perfusion-
related diffusion (Dy,g, also known as pseudodiffusion
coefficient or fast diffusion coefficient), perfusion frac-
tion (f), and pure diffusion coefficient (Dgjow, also known
as true diffusion coefficient or slow diffusion coefficient)
[36]. Prior studies have evaluated the role of IVIM in
staging of liver fibrosis [3, 17-23]. Some studies evaluated
the difference between cirrhotic patients and normal
control population [20, 21], without assessing interme-
diate grades of fibrosis. Most studies did not assess
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interobserver correlation [3, 17, 19-23]. In addition, in
several studies a substantial number of patients had
hepatitis B or the etiology of diffuse liver disease was not
given [17, 19, 20, 22, 23].

We analyzed a subset of our patients with two
reviewers and found that the correlation between some
IVIM parameters, particularly Dg,g, was weak. The poor
reproducibility of Dy, has been shown by prior studies
[37-39]. The weak interobserver correlation creates dif-
ficulty in making definite conclusions about the associ-
ation of liver fibrosis and IVIM parameters. Our main
finding was a strong association between hepatic fibrosis
and Dy,. This agrees with the findings of prior studies
[3, 17, 19, 22, 23]. A meta-analysis of the association
between IVIM parameters and hepatic fibrosis also
suggested that D, is the best IVIM parameter [40].
However, two caveats need to be noted. The interob-
server correlation of Dy, is weak. There is also a sub-
stantial overlap in Dy, values between intermediate
grades of fibrosis, making it less valuable in individual
patients.

We assessed the effect of fat and inflammation on
IVIM results. We did not find a significant association
between IVIM parameters and these histological fea-
tures; the ADC values were reduced in patients with
moderate or severe hepatic steatosis (p = 0.059). This
finding is consistent with prior studies on DWI [41, 42].

We are aware of some limitations of our study. The
study was retrospective and the number of subjects in the
cohort (n = 49) was small. Histology was used as a
reference standard, though as discussed previously
biopsy results may not be a true gold standard. We used
six b values in our study, instead of the more usual 1012
values. In routine clinical practice, time constraints make
it difficult to perform diffusion-weighted sequences with
numerous b values. A recent study [43] showed that
adequate IVIM results may be obtained using only 3
“low” b values, i.e., less than 100 s/mmz. We used a
generic method, previously validated, for quantifying the
IVIM parameters. Results may have been different if
software of specific vendors were used.

In conclusion, Dy, is the best IVIM parameter in
differentiating high- versus low-grade fibrosis. However,
its usefulness is likely to be reduced by poor interob-
server correlation. IVIM parameters are not strongly
predictive of hepatic fat content or inflammatory activ-
1ty.
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