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Purpose:

Materials and
Methods:

Results:

Conclusion:

To compare low- versus high-frequency ultrasonographic
(US) elastography for detection of steatohepatitis in
rats by using histopathologic findings as the reference
standard.

Between March and September 2014, after receiving ap-
proval from the institutional animal care committee, 60
male Sprague-Dawley rats were fed either a standard
chow for 4 weeks or a methionine- and choline-deficient
diet for 1, 4, 8, or 12 weeks to induce a continuum of ste-
atohepatitis severity. Liver shear stiffness was assessed in
vivo by using US elastography at low (40-130-Hz) and high
(130-220-Hz) frequencies. Histologic features (steatosis,
inflammation, and fibrosis) and modified nonalcoholic ste-
atohepatitis categories were used as reference standards.
Definite steatohepatitis was divided into steatohepatitis
with fibrosis stage 1 or lower and stage 2 and higher.
Analyses included the Kendall T correlation, multivariable
linear regression analyses, Kruskal-Wallis rank sum test,
and post hoc Dunn test with Holm correction.

Correlations between liver shear stiffness and histo-
logic features were higher at high frequencies than at
low frequencies (low frequency: 0.08, 0.24, and 0.20 for
steatosis, inflammation, and fibrosis, respectively; high
frequency: 0.11, 0.35, and 0.50, respectively). The ab-
solute value of multivariable regression coefficients was
higher at high frequencies for the presence of steatosis,
inflammation grade, and fibrosis stage (low frequency:
—0.475, 0.157, and 0.209, respectively; high frequency:
—0.893, 0.357, and 0.447, respectively). The model fit
was better at high frequencies (adjusted R? = 0.57) than
at low frequencies (adjusted R? = 0.21). There was a
significant difference between steatohepatitis categories
at both low and high frequencies (P = .022 and P < .001,
respectively).

Liver shear stiffness measured with US elastography pro-
vided better distinction of steatohepatitis categories at
high frequencies than at low frequencies. Further, liver
shear stiffness decreased with steatosis and increased
with inflammation and fibrosis at both low and high
frequencies.

©RSNA, 2016

Online supplemental material is available for this article.
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onalcoholic fatty liver disease is

a highly prevalent condition iden-

tified in 20%-30% of adults in
Western nations (1,2). The more ad-
vanced form, nonalcoholic steatohepa-
titis (NASH), is found in 3%-5% of the
general population (1). If undetected
and untreated, NASH may be compli-
cated by liver fibrosis and cirrhosis.
Liver biopsy is widely regarded as the
reference method to grade inflamma-
tion, a hallmark feature of steatohepa-
titis, and to stage fibrosis, a marker of
advanced liver disease (3,4). However,
liver biopsy is invasive, potentially pain-
ful, and vulnerable to disease hetero-
geneity (5,6). Imaging-based methods
may be wused to potentially detect
liver fat, inflammation, and fibrosis
noninvasively.

Key knowledge gaps in noninva-
sive NASH diagnosis include the de-
tection of inflammation, differentiation
from early fibrosis, and monitoring of
disease progression (4). Several mag-
netic resonance (MR) and ultrasono-
graphic (US) elastography techniques

Advances in Knowledge

B |n an animal model of steatohep-
atitis, US elastography provided
better distinction between histo-
logic features (steatosis, inflam-
mation, and fibrosis) and liver
shear stiffness at high
frequencies (130-220 Hz) than at
low frequencies (40-130 Hz) (ad-
justed R? of multivariable
analysis = 0.57 and 0.21, respec-
tively) and better distinction of
steatohepatitis categories (P <
.001 and P = .022, respectively).

B Regression coefficient estimates
at low frequencies and high
frequencies demonstrated that
the liver shear stiffness
decreased with presence of ste-
atosis (—0.475 [P = .017] and
—0.893 [P < .001], respectively)
and increased with inflammation
grade (0.157 [P = .042] and
0.357 [P < .001], respectively)
and fibrosis stage (0.209 [P =
.004] and 0.447 [P < .001],
respectively).

have demonstrated good to excellent
diagnostic accuracy for staging of liver
fibrosis (7-10). However, few stud-
ies have addressed the detection of
inflammation (11-14). MR elastogra-
phy studies have demonstrated a mild
increase in liver stiffness with inflam-
mation (11,12). While results of some
US elastography studies suggested that
liver stiffness was not associated with
inflammation (13,14), recent studies
have shown an increase in liver stiffness
with inflammation (15,16).

The frequency of generated shear
waves may influence the ability of elas-
tography techniques to demonstrate the
features of NASH. The liver has been
shown to be dispersive (17), which
implies that measured wave speeds
and estimated mechanical properties
depend on the frequency used. How-
ever, the optimum frequencies have
not yet been standardized in elastogra-
phy. With commercial MR elastography
implementation, an external vibration
frequency of 60 Hz is typically used, al-
though frequencies between 40 and 300
Hz have been used in investigational
settings (11,12,18,19). Similarly, tran-
sient US elastography, in which shear
waves are generated by using external
mechanical excitations, involves the use
of a low excitation frequency of 50 Hz
(20), whereas shear-wave US elastogra-
phy techniques based on radiation pres-
sure yielded frequencies in the range
of 50-400 Hz (10,21). It is currently
unclear which shear-wave frequency

Implications for Patient Care

B Liver shear stiffness measured
with US elastography shows
promise as a biomarker for non-
invasive diagnosis of steatohepa-
titis, especially at higher shear-
wave propagation frequencies.

m Steatosis should be quantified
with an independent method
prior to elastography-based cate-
gorization of steatohepatitis, as it
mildly decreases liver shear stiff-
ness and therefore has the
potential to lead to underestima-
tion of stiffness from inflamma-
tion and fibrosis.

range would provide better distinction
between NASH categories.

The primary purpose of this study
was to determine whether low-frequen-
cy or high-frequency US elastography
would provide better distinction of
NASH categories. The secondary pur-
pose was to investigate the effect of ste-
atosis, inflammation, and fibrosis on fre-
quency-dependent liver shear stiffness.

Materials and Methods

Study Design and Animals

The protocol for the animal study was ap-
proved by the Institutional Animal Care
Committee at the University of Mon-
treal Hospital Research Centre. Sixty
11-week-old male Sprague-Dawley rats
(Charles River Canada, Saint-Constant,
Quebec, Canada) were included in this
study between March and September
2014. Of those, 12 rats with free access
to standard chow and water formed the
control cohort and were euthanized 4
weeks after the start of the study. Forty-
eight rats formed the experimental arm
and were divided into four cohorts of 12
rats each, which were fed a methionine-
and choline-deficient (MCD) diet (Dyets
518753; Research Diets, New Bruns-
wick, NJ). Animals were euthanized at
the time points of 1, 4, 8, and 12 weeks
to obtain a range of disease severity.
With the MCD diet, rats lose adipose
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tissues but develop prominent steatosis,
necroinflammation, and fibrosis, which
resembles what is seen in human NASH
(22,23).

At the end point of the study for
the experimental and control cohorts,
the liver was evaluated in vivo by means
of US elastography prior to euthanasia
and ex vivo by means of histopathologic
examination after euthanasia.

US Elastography

The rats were placed under anesthesia
during preparation and US measure-
ment phases. They were restrained
in the supine position on an electric
heating pad (MMHPO1FFC; Mansfield
Medical, Montreal, Quebec, Canada)
connected to a physiological monitoring
unit (THM150; VisualSonics, Toronto,
Ontario, Canada) to maintain an inter-
nal temperature close to 37°C.

A shear-wave elastography beam
sequence was used (24,25). Shear
waves were remotely generated by a
radiation force by using a linear-array
US transducer (ATL L7-4; Philips,
Bothell, Wash) controlled by a Verason-
ics system (Verasonics V1; Verasonics,
Redmond, Wash). Each sequence was
made of three focused pushes within
the liver, spaced 4 mm apart. The US
transducer excitation voltage was 40 V,
and the push duration was maintained
at 125 psec for all measurements. The
tracking of shear waves was performed
immediately after they were generated
with the same transducer by using a
fast plane wave imaging technique,
which allowed acquisition of radiofre-
quency data at a high frame rate of 4
kHz (24). Ten consecutive pushing and
tracking sequences were performed for
each animal. Elastography measure-
ments were performed by a mechanical
engineer (S.K., with 6 years of expe-
rience in material characterization and
elastography) who was supervised by
a fellowship-trained radiologist (A.T.,
with 9 years of experience).

US Data Postprocessing

Shear-wave displacement fields (as a
function of time and space) were esti-
mated from acquired radiofrequency
images by wusing a one-dimensional

normalized cross-correlation algorithm
implemented on a graphics processing
unit (26). The region of interest was
consistently selected on the median lobe
for all animals at an approximate depth
of 15 mm from the US probe. The length
of the region of interest was 6-8 mm for
different animals. Three reference im-
ages were acquired before the pushing
phase, which were used as reference
images for the estimation of displace-
ments. Shear-wave (phase) velocities
were estimated in the wave number—
frequency domain, obtained by using a
two-dimensional Fourier transform of
the displacement field with respect to
temporal and spatial coordinates (27).
Liver shear stiffness values were esti-
mated from the measured phase veloc-
ities within a frequency range of 40-220
Hz (25,28). Then the mean shear stiff-
ness values were obtained for each ani-
mal over two frequency ranges (40-130
Hz and 130-220 Hz), which were used
for statistical analyses to compare low-
and high-frequency ranges.

Histopathologic Analyses

Liver explantation.—The liver was ex-
planted and fixed in a 10% formalin
solution for histopathologic analysis
within 4 minutes of animal euthanasia.

Semiquantitative  analysis.—Liver
specimens were subsequently stained
with hematoxylin phloxine saffron
stain, trichrome stain, reticulin stain,
sirius red stain, and a-smooth muscle
actin stain (29). Pathology slides were
assessed by a liver pathologist (B.N.N.,
with 18 years of experience) accord-
ing to the NASH Clinical Research
Network histologic scoring system (3).
That system includes four features
that are evaluated semiquantitatively:
steatosis grade (grade 0-3), lobular
inflammation grade (grade 0-3), he-
patocellular ballooning grade (grade
0-2), and fibrosis stage (stage 0-4).
Steatohepatitis categorization included
“not steatohepatitis,” “borderline,” and
“steatohepatitis,” on the basis of the
Nonalcoholic fatty liver disease Activity
Score, which is the unweighted sum of
steatosis, inflammation, and ballooning
grades (3). In our study, steatohepati-
tis was subdivided into “steatohepatitis

with fibrosis stage 1 or lower” and “ste-
atohepatitis with fibrosis stage 2 and
higher” to account for the confounding
presence of fibrosis.

Statistical Analyses

Statistical analyses were performed by
using the statistical software R (ver-
sion 2.10.1; R Foundation for Statistical
Computing, Vienna, Austria). A P value
less than .05 was considered to indicate
a significant difference. Kendall T corre-
lation was computed between liver shear
stiffness and histologic features (steato-
sis grade, lobular inflammation grade,
and fibrosis stage). The correlation co-
efficient was computed for liver shear
stiffness measurement at low and high
frequencies. To assess the confounding
effect of several histopathologic changes
that may coexist in steatohepatitis, we
performed multivariable linear regres-
sion analyses between liver shear stiff-
ness and histologic features at low and
high frequencies. Steatosis was consid-
ered a categorical parameter, with two
levels based on the absence (steatosis
grade 0) or presence (steatosis grade
1-3) of macrovesicular fat, while inflam-
mation grade and fibrosis stage were
considered continuous parameters.
Statistical model assumptions, includ-
ing normality and heteroscedasticity,
were verified. Group comparisons were
performed on the basis of measured
liver shear stiffness at low and high
frequencies by using the nonparametric
Kruskal-Wallis rank sum test between
the modified steatohepatitis categories.
Pairwise comparisons between groups
were performed with a post hoc Dunn
test with Holm correction.

To assess the confounding effect of
necroinflammation and the age of ani-
mals at the time of euthanasia and to
explore an exponential relationship be-
tween fibrosis and liver shear stiffness,
we performed secondary multivariable
regression analyses.

Histopathologic Analyses

Histopathologic findings for the 60
rats are summarized in Table 1.
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Table 1

Histopathologic Findings in Explanted Rat Livers

Histopathologic Features

No. of Rats (n = 60)

Steatosis grade

0: <5% Hepatocytes 12 (20)
1: 5%—33% Hepatocytes 1)
2: 33%—66% Hepatocytes 4(7)
3: >66% Hepatocytes 43 (72)
Lobular inflammation grade
0: No foci 12 (20)
1: <2 Foci per 200X field 20 (33)
2: 2-4 Foci per 200X field 15 (25)
3: >4 Foci per 200X field 13(22)
Hepatocellular ballooning
0: None 14 (23)
1: Few balloon cells 30 (50)
2: Many cells, prominent ballooning 16 (27)
Fibrosis stage
0: No fibrosis 32 (53)
1: Perisinusoidal or periportal fibrosis 21 (35)
2: Perisinusoidal and periportal fibrosis 1)
3: Bridging fibrosis 4(7)
4: Cirrhosis 2(3)
NASH diagnosis
0: Not steatohepatitis 14 (23)
1: Possible or borderline steatohepatitis 12 (20)
2a: Definite steatohepatitis with fibrosis stage 1 or lower 27 (45)
2b: Definite steatohepatitis with fibrosis stage 2 and higher 7(12)

Note.—Numbers in parentheses are percentages.

Representative staining for each cohort
is shown in Figure 1. Overall, 20% of
the rats (12 of 60) had no steatosis,
whereas 72% (43 of 60) had grade 3
steatosis. A relatively even distribution
of lobular inflammation grade was ob-
served: 20% of rats (12 of 60) had
grade 0, 33% of rats (20 of 60) had
grade 1, 25% of rats (15 of 60) had
grade 2, and 22% of rats (13 of 60) had
grade 3. Fifty-three of 60 rats (88%)
developed no or mild fibrosis (stage O
or 1), and seven rats (12%) developed
fibrosis of stage 2 and higher. Fourteen
of 60 rats (23%) were categorized as
“not steatohepatitis,” 20% (12 of 60)
were in the borderline category, 45%
(27 of 60) had steatohepatitis with fi-
brosis stage 1 or lower, and 12% (seven
of 60) developed steatohepatitis with
fibrosis stage 2 and higher.
Distributions of histologic scoring
for each cohort are shown in Figure 2.

Macrovesicular fat was observed in
most hepatocytes after 1 week of MCD
diet consumption, where the mean ste-
atosis grade * standard deviation was
2.5 £ 0.7 and reached a maximum
after 4 weeks. Lobular inflammation
grade was lowest in the control cohort
at 0.3 = 0.5, increased initially with
the duration of MCD diet consump-
tion, reached a peak value at 8 weeks,
and decreased at 12 weeks. Fibrosis
was absent (stage 0) in all rats in the
control cohort and the 1-week MCD
cohort. Mild fibrosis (stage 1) was ob-
served in four rats in the 4-week co-
hort, whereas all the rats in the 8-week
and 12-week cohorts developed mild to
severe fibrosis (stage 1-4).

Correlation Analyses

Correlation coefficients between liver
shear stiffness and histologic features
were higher at high frequencies than at

low frequencies (Table 2). Lobular in-
flammation grade and fibrosis stage pre-
sented the strongest associations with
liver shear stiffness at high frequencies
(moderate correlation, T = 0.35 [P <
.001] and 7 = 0.50 [P < .001], respec-
tively). Similar results were observed at
low frequencies, however, with a lower
correlation.

Multivariable Analyses

In the multivariable analysis, conducted
by using histologic features as inde-
pendent variables, the regression co-
efficient estimates demonstrated that
the liver shear stiffness decreased with
presence of steatosis (negative esti-
mates) and increased with inflamma-
tion grade and fibrosis stage (positive
estimates), at both low frequencies and
high frequencies (Table 3). The abso-
lute value of the regression coefficient
estimates for presence of steatosis,
inflammation grade, and fibrosis stage
was higher at high frequencies (—0.893,
0.357, and 0.447, respectively) than at
low frequencies (—0.475, 0.157, and
0.209, respectively).

Keeping all other variables constant,
the effects of presence of steatosis, in-
flaimmation grade, and fibrosis stage
were all significant at low frequencies
(P=.017, P = .042, and P = .004, re-
spectively) and at high frequencies (all
P < .001).

The multivariable regression
models with histologic features pro-
vided a better fit to the experimen-
tally obtained shear stiffness values at
high frequencies (adjusted R? = 0.57)
than at low frequencies (adjusted R? =
0.21). This indicates that the regression
models with histologic features could
be used to explain 57% of the total var-
iance of high-frequency elastography
and only 21% of the variance of low-
frequency elastography.

The multivariable regression coef-
ficient estimates obtained at high fre-
quencies were approximately twice the
estimates obtained at low frequencies,
with relative errors of 4%, 6%, 13%,
and 7% for the intercept, presence
of steatosis, inflammation grade, and
fibrosis stage, respectively. The stan-
dard errors were of the same order of
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Control cohort

Mean Shear Stiffness (kPa)

40-130 Hz 1.67 kPa
130-220 Hz 3.47 kPa
Figure 1:

1-week MCD cohort

4-week MCD cohort
1 ¢ IO

1.20 kPa
2.67 kPa

1.66 kPa
3.16 kPa

8-week MCD cohort

12-week MCD cohort
(7 E RS

1.70 kPa

1.87 kPa

3.84 kPa 4.27 kPa

Photomicrographs (original magnification, X20) in an animal model of NASH with, A, D, hematoxylin-eosin stain and, B, C, E, trichrome stain. The

Sprague-Dawley control rats were fed a standard chow or an MCD diet for 1, 4, 8, or 12 weeks to induce a continuum of NASH severity. The onset of steatosis
can be seen at 1 week with progressive increase of steatosis thereafter, as well as marked increase of inflammation at 8 weeks and fibrosis at 12 weeks.

3 3
3
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Figure 2:  Plots show histologic grading (mean = standard deviation) results according to semiquantitative analysis between cohorts for (a) steatosis grade,
(b) inflammation grade, and (c) fibrosis stage. All the animals in the control cohort and in the 4-week, 8-week, and 12-week cohorts had the same steatosis
grade, and all the animals in the control cohort and the 1-week and 8-week cohorts had the same fibrosis stage. Therefore, the standard deviation of these histo-
logic features was zero for the corresponding cohorts. EXP7 = 1-week experimental cohort, EXP4 = 4-week experimental cohort, EXP8 = 8-week experimental

cohort, EXP12 = 12-week experimental cohort.

magnitude at high and low frequencies,
with corresponding relative errors of
5%, 5%, 4%, and 4%, respectively.

Comparison of Steatohepatitis Categories

At low frequencies, liver shear stiffness
was significantly different (P = .022)
between the steatohepatitis categories
(Fig 3). However, post hoc tests only
demonstrated higher liver stiffness in
steatohepatitis with fibrosis stage 2 and
higher compared with borderline ste-
atohepatitis (P = .023).

At high frequencies, liver shear
stiffness was significantly different (P

Table 2

Results of Kendall + Correlation between Liver Shear Stiffness and Histologic Features

at Low and High Frequencies

Histologic Features

Low Frequency (40-130 Hz)

High Frequency (130—220 Hz)

Steatosis grade 0.08 (P=.477)
Lobular inflammation grade 0.24 (P=.014)
Fibrosis stage 0.20 (P=.057)

0.11 (P=.306)
0.35 (P < .001)
0.50 (P < .001)

< .001) between steatohepatitis cat-
egories. Post hoc tests demonstrated
higher stiffness values (a) for “not
steatohepatitis” than for borderline
steatohepatitis (P = .034), (b) for

steatohepatitis with fibrosis stage 1 or
lower than for borderline steatohepati-
tis (P = .002), and (c) for steatohepati-
tis with fibrosis stage 2 and higher than
for “not steatohepatitis” (P = .003),
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Table 3

Results of Multivariable Analysis

Frequency Range and Parameter Estimate Standard Error P Value Adjusted R? Value
40-130 Hz 0.21
Intercept 1.615 0.142 <.001
Presence of steatosis —0.475 0.192 .017
Lobular inflammation grade 0.157 0.076 .042
Fibrosis stage 0.209 0.069 .004
130-220 Hz 0.57
Intercept 3.349 0.149 <.001
Presence of steatosis —0.893 0.201 <.001
Lobular inflammation grade 0.357 0.079 <.001
Fibrosis stage 0.447 0.072 <.001

borderline steatohepatitis (P < .001),
or steatohepatitis with fibrosis stage 1
or lower (P = .018).

Secondary Analyses

The results of the secondary analyses
are presented and discussed in Appen-
dix E1 (online).

We have shown that liver shear stiff-
ness decreased with steatosis and in-
creased with inflammation or fibrosis.
To be able to generalize the results
obtained for the effect of steatosis
on liver shear stiffness, steatosis was
considered a categorical parameter in
the multivariable regression analyses.
There were 12 animals with grade 0
steatosis (control animals) and 43 ani-
mals with grade 3 steatosis. Therefore,
the results of the multivariable analyses
are reliably applied to the effect of se-
vere steatosis on liver stiffness, espe-
cially at high frequencies (P < .001).
Liver shear stiffness was significantly
different between groups of rats catego-
rized according to steatohepatitis diag-
nosis, at both low and high frequencies.
However, we found that frequencies be-
tween 130 and 220 Hz provided better
distinction of steatohepatitis categories
than did the lower frequencies.

The fact that the multivariable re-
gression coefficient estimates obtained
at high frequencies were approximately
twice the estimates obtained at low
frequencies indicates that the relative

effect of these features was approxi-
mately the same over the two frequency
ranges. However, standard errors were
of the same order of magnitude at high
and low frequencies. Moreover, the re-
gression with histologic features was
used to explain a substantially larger
amount of variance at high frequencies
than at low frequencies. Therefore, the
discrimination power at high frequencies
was better than at low frequencies. This
means that tendencies of the effects of
parameters, and thus differences be-
tween liver shear stiffness of different
steatohepatitis categories, might be eas-
ier to observe at high frequencies. Liver
shear stiffness values obtained for dif-
ferent steatohepatitis categories were
higher in the high frequency range.
These results are consistent with prior
observations by Klatt et al, who dem-
onstrated highly dispersive liver with
oscillatory rheometry and multifre-
quency MR elastography (17). The
frequency-dependent shear stiffness of
soft biomaterials and tissues depends
on the configurational rearrangements
of neighboring microstructures that oc-
cur during dynamic loading (30). Since
all histologic features of NASH do not
influence the microstructures and thus
the frequency-dependent liver stiffness
in the same way, the changes in the
stiffness of different steatohepatitis cat-
egories with respect to frequency may
be different. This may further explain
why the ability to distinguish between
steatohepatitis categories may be better
at higher frequency ranges.

The effect of steatosis on liver stiff-
ness remains controversial in the lit-
erature. While some MR elastography
studies performed at low frequency
(typically 60 Hz) did not demonstrate
any significant effect of fat on liver
stiffness (31-33), a US elastography
clinical study performed by Yoneda et
al showed lower stiffness values in pa-
tients with simple steatosis compared
with healthy volunteers (13). Our re-
sults suggest that prior discrepancies
regarding the effect of fat on liver
stiffness may be explained by different
frequency ranges used in these studies.
Further, the decrease in liver stiffness
of the borderline category with respect
to the “not steatohepatitis” category
may be explained by the confounding
presence of steatosis. As shown by the
results of our multivariable analysis, the
stiffness-lowering effect of fat is more
apparent at high frequencies.

Inflammation may also change the
tissue stiffness, although its effect has
not been made clear in prior literature.
In human studies of US elastography,
Yoneda et al (13) and Palmeri et al
(14) did not find a correlation between
liver shear stiffness and inflammation,
whereas Zeng et al (15) and Dong et al
(16) reported a mild increase in liver
shear stiffness with inflammation grade.
Georges et al (29) also found that in-
flammation did not explain increased
liver shear stiffness ex vivo according
to rheology measurements of rat livers.
However, Chen et al (12) reported sig-
nificantly higher stiffness values for
patients with inflammation compared
with those with simple steatosis by us-
ing MR elastography. Inflammation may
cause edema (34), thus increasing the
internal pressure of the liver and there-
fore liver stiffness. This observation is
in agreement with our results, as we
observed an increase in liver stiffness
with inflammation.

The effect of fibrosis on liver shear
stiffness has been extensively inves-
tigated in the literature by using both
US (10,13,14) and MR elastography
(11,12,31,32,35). These studies have
shown a significant increase in liver
shear stiffness with higher fibrosis
stages. This is also in agreement with
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the higher shear stiffness values we
observed in the steatohepatitis with
fibrosis stage 2 and higher category
compared with the other steatohepati-
tis categories.

Another potential source of dis-
crepancies in prior literature may be
the confounding effects of steatosis, in-
flammation, and fibrosis in the NASH
continuum on liver stiffness. The co-
existence of these conditions may ex-
plain the lack of correlations between
the liver shear stiffness and histologic
findings. However, a relatively good fit
was obtained at high frequencies be-
tween the multivariable linear regres-
sion models and measured liver shear
stiffness values, demonstrating the ef-
fect of each histologic feature on liver
shear stiffness when the cofounding
effect of the other features was taken
into account.

Like most current US elastography
methods, a limitation of our study was
that we only assessed elasticity and did
not provide spectroscopic measurement
of viscosity. One potential approach to
obtain viscosity measurements is to fit
a rheological model to the measured
shear wave speeds. Accounting for vis-
cosity did not significantly improve the
performance of elasticity in liver fibro-
sis staging according to Chen et al (10).

Further research should be conducted
to investigate whether viscoelasticity
would improve the distinction of NASH
disease categories.

In this study, the animals in the con-
trol cohort had grade O steatosis, and
most of the animals in the experimental
cohorts had grade 3 steatosis. Modifica-
tion of the diet composition may be re-
quired to obtain milder steatosis grades
in future studies focused on the effect
of early steatosis on mechanical prop-
erties of liver.

The two categories of “not steato-
hepatitis” and steatohepatitis with fi-
brosis stage of 1 or lower could not be
separated by using elastography alone
because the stiffness-lowering effect of
liver steatosis was superposed with the
stiffness-increasing effect of inflamma-
tion and fibrosis. In this study, we fo-
cused on assessment of liver stiffness
and did not assess other quantitative
US parameters, such as attenuation or
backscatter coefficients (36,37). We
anticipate that a two-step diagnostic
approach that includes an independent
method for fat quantification prior to
elastography assessment of the liver
may further improve classification of
steatohepatitis categories.

In conclusion, this animal study
based on an MCD dietary model of

steatohepatitis helps to identify the
frequency range that permits better dis-
tinction of steatohepatitis categories. In
our study, liver shear stiffness provided
better distinction between steatohepa-
titis categories at high frequencies than
at low frequencies; moreover, multivar-
iable analysis demonstrated that liver
shear stiffness decreased with steatosis
and increased with inflammation and
fibrosis at both low and high fre-
quencies. These results suggest that in
future studies, shear-wave frequency
should be taken into account to improve
the classification accuracy in NASH.
Future work may be conducted to ex-
plore a broader range of frequencies,
although very high frequencies may be
difficult to achieve in humans because
of the dissipative nature of soft tissues,
which affects the high-frequency com-
ponents of shear waves more.
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