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Abstract

Objectives To investigate the use of MR elastography (MRE)—derived mechanical properties (shear stiffness (|G*|) and loss

modulus (G")) and MRI-derived fat fraction (FF) to predict the nonalcoholic fatty liver disease (NAFLD) activity score (NAS) in

a NAFLD mouse model.

Methods Eighty-nine male mice were studied, including 64 training and 25 independent testing animals. An MRI/MRE

exam and histologic evaluation were performed. Pairwise, nonparametric comparisons and multivariate analyses were

used to evaluate the relationships between the three imaging parameters (FF, |G*|, and G”) and histologic features. A

virtual NAS score (VNAS) was generated by combining three imaging parameters with an ordinal logistic model (OLM)

and a generalized linear model (GLM). The prediction accuracy was evaluated by ROC analyses.

Results The combination of FF, |G*|, and G" predicted NAS > 1 with excellent accuracy in both training and testing

sets (AUROC > 0.84). OLM and GLM predictive models misclassified 3/54 and 6/54 mice in the training, and 1/25

and 1/25 in the testing cohort respectively, in distinguishing between “not-NASH” and “definite-NASH.” “Borderline-

NASH” prediction was poorer in the training set, and no borderline-NASH mice were available in the testing set.

Conclusion This preliminary study shows that multiparametric MRI/MRE can be used to accurately predict the NAS score in a

NAFLD animal model, representing a promising alternative to liver biopsy for assessing NASH severity and treatment response.

Key Points

* MRE-derived liver stiffness and loss modulus and MRI-assessed fat fraction can be used to predict NAFLD activity score (NAS)
in our preclinical mouse model (AUROC > 0.84 for all NAS levels greater than 1).

* The overall agreement between the histological-determined NASH diagnosis and the imaging-predicted NASH diagnosis is 80-92%.

* The multiparametric hepatic MRI/MRE has great potential for noninvasively assessing liver disease severity and treatment efficacy.
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Abbreviations
AUROC  Area under receiver operating characteristic curve
FF Fat fraction

FOV Field of view

GLM Generalized linear model

H&E Hematoxylin-eosin

IQR Interquartile range

MRE Magnetic resonance elastography
NAFLD Nonalcoholic fatty liver disease
NAS NAFLD activity score

NASH Nonalcoholic steatohepatitis
OLM Ordinal logistic model

ROC Receiver operating characteristic
ROI Region of interest

TE Echo time

TR Repetition time

vNAS Virtual NAS

Introduction

Nonalcoholic fatty liver disease (NAFLD) is significant public
health problems worldwide [1-3], which ranges from simple
nonalcoholic fatty liver to nonalcoholic steatohepatitis
(NASH) with advanced stages of fibrosis. NASH patients
may progress to cirrhosis and confer an increased risk of de-
veloping hepatocarcinoma [4—6]. Currently, the translation of
basic research into improved therapeutics and management of
NAFLD patients is still poor as the invasive biopsy has been
the bedrock for screening, longitudinal monitoring, or evalu-
ating treatment response. Therefore, development of noninva-
sive imaging biomarkers of liver injuries is critically important
for clinical management and for a better understanding of the
disease progression.

Many investigations have produced potential imaging
biomarkers for noninvasively quantifying specific histo-
logic features of NAFLD. For instances, MRI offers
chemical-shift imaging and spectroscopic methods for
quantifying steatosis (fat fraction, or FF) with relatively
high accuracy without any invasive procedures or radia-
tion exposure, compared with invasive liver biopsy, qual-
itative ultrasound, and semi-quantitative CT [7—10]. MRI-
measured FF has been shown to be well correlated with
steatosis extent [11-13]. Moreover, changes in liver me-
chanical properties associated with hepatic diseases can
be quantified by either ultrasound or MR elastographic
imaging technologies [14]. Compared with ultrasound,
liver MR elastography (MRE) has better accuracy and
fewer technical failures, and there is an emerging consen-
sus that hepatic MRE is the most reliable noninvasive
method for detecting and staging liver fibrosis as an alter-
native to liver biopsy [12, 15, 16]. Despite strong co-
occurrence of ballooning and fibrosis in NAFLD, liver
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stiffness has also shown promising trends to correlate
with ballooning grade in several preclinical and clinical
investigations [12, 17-19]. Furthermore, MRE-derived
loss modulus or damping ratio (relative viscous to elastic
behavior) was demonstrated to be associated with inflam-
mation in five different preclinical models of chronic liver
diseases [20].

Given the aforementioned evidence, these three imaging
biomarkers (FF, liver stiffness, and loss modulus) are expected
to be potential predictors, either independently or jointly, of
three key histological features (steatosis, ballooning, and in-
flammation). We expect further development of
multiparametric hepatic imaging would facilitate NAFLD di-
agnosis and treatment monitoring by providing a noninvasive
approach with accuracy as good as or better than the invasive
reference standard. Based on the histologic features of
NAFLD, the NAFLD activity scoring (NAS score) system is
a well-accepted standard used for assessing NASH severity
and measuring changes in NAFLD during therapeutic trials.
According to the NASH Clinical Research Network classifi-
cation, the NAS score is the sum of the steatosis grade, lobular
inflammation grade, and hepatocyte ballooning grade [21]. A
predictive model comprising imaging biomarkers that are sen-
sitive to steatosis, inflammation, and ballooning may well be
expected to provide a virtual NAS score (VNAS) capable of
noninvasively estimating the NAS score in subjects with sim-
ple steatosis/NASH. Therefore, the purpose of this study is to
evaluate the potential of MRI-assessed FF and MRE-assessed
liver stiffness and loss modulus as predictors of the NAS score
in a preclinical NAFLD model.

Materials and methods
Animals

With institutional animal care and use committee approval,
a total of 89 C57BL/6 wild-type male mice were used in
this study, including a training cohort of 64 mice and an
independent testing cohort of 25 mice (Fig. 1). Based on a
well-established preclinical model [20], the progressive
NAFLD was developed by feeding with a fast-food diet
and fructose water for 48 weeks and regressive NAFLD
was developed by feeding with fast-food diet and fructose
water for 24 weeks and then treated by changing to normal
food and water for 24 weeks. The normal controls were fed
with normal food and water. In the training cohort, the
in vivo MRI/MRE data and histologic analysis of liver
biopsies obtained after euthanasia were collected at 1, 12,
24, 36, and 48 weeks (Fig. 1(a)). In the testing cohort, the
in vivo MRI/MRE data and histologic analysis were per-
formed at the endpoint time after 48 weeks (Fig. 1(b)).
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Training Set
1 12 24 36 48 weeks of feeding
(a) | naFLD (36) : L 4 = +
Control? (28) NAFLD? (5) NAFLD? (8) NAFLD? (8) NAFLD? (7) NAFLD? (8)
Control? (5) || Control? (6) Control? (6) Control? (5) Control? (6)

Progressive NAFLD: fed with a fast-food diet and fructose water.
2Normal controls: fed with normal food and water.

Testing Set

NAFLD (16)

24 (Onset of treatment)
!

48 weeks of feeding
|

(b) Control (9)

NAFLD without treatment? (9)
NAFLD with treatment?(7)
Control® (9)

1Progressive NAFLD: fed with a fast-food diet and fructose water for 48 weeks.
2Regressive NAFLD: fed with fast-food diet and fructose water for 24 weeks and then changing

to normal food and water for 24 weeks.

3Normal controls: fed with normal food and water for 48 weeks.

Fig. 1 Timeline of data collection. a Sixty-four mice in the training set
had MRI/MRE exams before five specified euthanasia time points and
histologic analysis of liver biopsies obtained after euthanasia. The num-
ber of mice for each group is indicated in parentheses. b Twenty-five mice

MRI/MRE scans

The MRI/MRE scans were performed using a 3-T whole-body
scanner (GE Healthcare) [22]. Briefly, after preparation and
administration of maintenance anesthesia with isoflurane,
each mouse was placed in a plastic cradle in the supine posi-
tion, then slid into a custom eight-channel birdcage imaging
coil. A disposable silver acupuncture needle with a 0.26-mm
diameter and 39-mm length (Asahi Medical Instrument) was
inserted into the liver through the anterior body wall. The
other end of the needle was connected to a passive pneumatic
driver that generated longitudinally oriented sinusoidal vibra-
tions at 80 Hz. MRE phase (“wave”) images were acquired
with a free-breathing, spin-echo echo-planar-imaging MRE
sequence. Hepatic FF (%) was measured using a two-point
Dixon method [23]. Details of imaging protocols are given
in Appendix-E1.

Histologic analysis

Histologic analysis was performed with hematoxylin-eosin
[24] and picrosirius red staining [25] of formalin-fixed,
paraffin-embedded 5-pum liver slices. Perl’s stain was per-
formed to determine whether the iron accumulates in this
model and affects the MRE measurements (see Appendix-
E2). The histologic features were assessed with the NASH
clinical research network scoring system [21] (T.M., a pathol-
ogist with 7 years of experience in liver histology and blinded
to the MR results). The NAS score was calculated as the
unweighted sum of the scores for steatosis (0-3), lobular in-
flammation (0-3), and ballooning (0-2). Based on the NAS
score, NAFLD was classified as “not-NASH” (NAS < 3),
“borderline-NASH” (NASH =3-4), and “definite-NASH”
(NAS =5-8). Fibrosis stage was also evaluated (0, 1a, 1b,

in the testing set had bi-weekly to monthly longitudinal MRI/MRE
exams. Tissue harvesting for histologic analysis was performed only at
the end point time after 48 weeks of feeding

lc, 2, 3, 4). For statistical analysis, fibrosis stages la, 1b,
and 1c were assigned as 0.5, 1, and 1.5, respectively.

Imaging and data processing

All MRE wave data were analyzed and inverted with a direct
inversion of the Helmholtz equation to calculate the complex
shear modulus G* = G’ +iG" (details in Appendix-E1) [20].
The shear stiffness (|G*|), storage modulus (G’), loss modulus
(G"), and damping ratio ((=G" / (2xG")) were calculated.
Single volumetric regions of interest (ROIs) were drawn man-
ually by two experienced readers (Z.Y., an MRI scientist with
2 years of experience in liver MRE, supervised by M.Y., an
MRI scientist with > 10 years of experience in liver MRE).
The ROI criteria were as follows: (a) including liver paren-
chyma only, (b) excluding regions without visually adequate
magnitude signal or shear wave amplitude, (c) excluding the
location of the vibrating needle and the adjacent area (circular
area with a 3-pixel radius), and (d) staying 2 pixels away from
the edges and excluding the top and bottom slices of the liver.

Statistical analysis

Power analysis was performed to determine the sample size
for the training and testing groups (details in Appendix-E3).
Continuous data were summarized as means and standard
deviations. Categorical data were summarized as counts and
percentages. Three imaging predictors were selected with
Spearman’s correlation and univariate analyses (details in
Appendix-E4). In the training cohort, pairwise, nonparametric
comparisons with the Dunn method for joint ranking were
used to compare selected imaging parameters with the severity
of the components of NAS (steatosis, lobular inflammation,
and ballooning). Multivariate analyses were performed to as-
sess the contribution of imaging predictors to each individual
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histologic feature. Parameter estimates and p values were
reported.

In the predictive model fittings, a vVNAS score was gener-
ated by fitting an ordinal logistic model (OLM) to training
data with FF, G", and |G*#| as predictor variables. The predic-
tive accuracy of the VNAS-OLM score was estimated from the
area under receiver operating characteristic (ROC) curves
(AUROC) for distinguishing each NAS score. Despite the
ordinal nature of the NAS score, we also separately treated
the NAS score as a continuous variable; thus, a continuous
VNAS score was generated by fitting a generalized linear
model (GLM) to the training data.

Finally, the vVNAS-OLM and vNAS-GLM scores were ap-
plied to the testing cohort to validate the predictive perfor-
mance of the OLM and GLM models in diagnosing
NAFLD. A p value <0.05 was considered significant. All
statistical analyses were performed using JMP Pro version
12.2.0 (SAS Institute, Inc.).

Results
Histologic results

The histological changes over time in the training cohort are
summarized in Fig. 2. Steatosis extent reached a peak at week
24 and remained high afterward. Lobular inflammation oc-
curred as early as week 1, decreased at week 12, then in-
creased at week 24 and afterward. Hepatocellular ballooning
started to be present at week 24 and increased in severity
afterward. There was at most minimal hepatic fibrosis before
week 12, mild fibrosis at week 24, and increasingly developed
moderate to severe fibrosis from weeks 36 to 48. There were
minimal necroinflammation, no steatosis, and no fibrosis ob-
served for control groups.

Fig. 2 Changes in steatosis,

Steatosis Grade

Relationships between MRI/MRE and histologic
results

As shown in Fig. 3a, there was a progressive elevation in G”
with increased lobular inflammation (I0-12) in the training
cohort. There was no significant difference in G” between
the moderate and severe inflammation groups (I2 and I3).
The |G*| increased significantly with the emergence of hepa-
tocellular ballooning (Fig. 3b) and FF increased significantly
with steatosis (Fig. 3¢). Animals with increased steatosis also
tended to have elevated |G*|.

The effects of the imaging combination in predicting his-
tologic features in the training cohort are summarized in
Table 1. Both FF and |G*| had statistically significant positive
effects on steatosis prediction. However, there is no evidence
for an effect from G” in predicting steatosis. The |G*| had a
significant positive effect in predicting both lobular and portal
inflammation, while G" had significant positive effects in
predicting lobular, but not portal inflammation. Both FF and
|G*| had significant positive effects for predicting hepatocel-
lular ballooning and subsequent fibrosis. Figure 4 shows his-
tologic images and corresponding FF, |G*|, and G" maps in
mice with different stages of NAS score.

NAS score prediction with MRI/MRE

Figure 5 shows the ROC analyses of NAS score prediction
using the VNAS-OLM score in both training and testing co-
horts. Each ROC curve is calculated by considering a specific
NAS level or higher level (e.g., NAS>6) to be a positive
response and a lower level (e.g., NAS <6) to be a negative
response. The predicted vNAS-OLM score has excellent ac-
curacy with AUROCs > 0.84 for histological NAS > 1 in the
training and testing cohorts, except for NAS = 5 in the training
set, and NAS = 3-5.8 in the testing set due to the lack of data.

Lobular Inflammation Grade

lobular inflammation, ballooning 4 4
grades, and fibrosis stages over

time in NAFLD mice in the 3 31
training cohort. The values are 2 | 2 |

reported as mean + standard

deviation. The numbers of 1.
animals for each week are as %

lﬁ%,%%.

follows: week 1 (n=35), week 12 0
(n=38), week 24 (n=38), week 36
(n=17), and week 48 (n=78)

Week1 Week 12 Week 24 Week 36 Week 48

Week1 Week 12 Week 24 Week 36 Week 48

Ballooning Grade Fibrosis
2 4
1.5 3 -
14 2
0.5 1 1 %
0 0 +—=m - wim .
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Fig. 3 Changes in MRI and MRE parameters with the severity of
different histologic features in the training cohort. Scatter plots of the
pairwise comparisons of three imaging parameters used to distinguish
grades of three histologic features. a There was a progressive elevation
in the loss modulus with increased lobular inflammation. b The liver
stiffness increased significantly with the emergence of hepatocellular
ballooning. ¢ The fat fraction increased significantly with steatosis.
Significant differences were labeled in the plots with gray square

The scatter plots of the predicted VNAS-OLM and vNAS-
GLM scores versus the actual histologic NAS score in the
training and testing cohorts are shown in Fig. 6. In the training
dataset, the overall agreement between the predicted vVINAS-
OLM and histologic NAS score is 51/64 (80%), and the agree-
ment for each subgroup is 33/34 (97%, not-NASH), 0/10 (0%,
borderline-NASH), and 18/20(90%, definite-NASH), respec-
tively. The corresponding agreement between the predicted
vNAS-GLM and histologic NAS score is 54/64 (84% overall),
33/34 (97% not-NASH), 6/10 (60% borderline-NASH), and
15/20 (75% definite-NASH), respectively. The training set
exhibits the lowest agreement in the borderline-NASH group
for both predictive models. For the testing set, the overall
agreement between the histologic NAS score and predicted
vNAS-OLM is 23/25 (92% overall), 17/17 (100% not-

Table 1 Multivariate analyses of the three imaging parameter (fat
fraction, shear stiffness, and loss modulus) effects for the prediction of
several key histologic features in the training cohort of 64 mice. Effects
are reported as parameter estimates. 95% confidence intervals (CI) and

Hepatocellular Ballooning

Steatosis Grade

brackets and p values. The control and diseased mice are illustrated in
blue and red dots, respectively. The superimposed box plots indicate the
75%, median, and 25% quartiles. The interquartile range (IQR) is defined
as the difference between the 75% and 25% quartiles. The extended lines
(whiskers) are 75% + 1.5 X IQR and 25% — 1.5 x IQR. If the data points
do not reach the computed ranges, then the whiskers are determined by
the upper and lower data point values excluding outliers

NASH), 0/0 (no borderline-NASH presented), and 6/8 (75%
definite-NASH), respectively, while for the predicted vVINAS-
GLM, the agreement is 23/25 (92% overall), 17/17 (100%
not-NASH), 0/0 (no borderline-NASH presented), and 6/8
(75% definite-NASH), respectively.

Discussion

In this preclinical model, we found that the FF and loss mod-
ulus were highly related to steatosis and inflammation respec-
tively, while liver stiffness was associated with disease sever-
ity including fibrosis, inflammation, and ballooning as expect-
ed, which agreed well with other studies [11-13, 15-18, 20].
Some of the early stage pathophysiologic processes (e.g.,

p values (italicized if significant). All observed significant effects show
positive correlations between the imaging predictors and the histological
findings

Multivariate analysis of imaging biomarkers

Histological features in NAFLD progression

Steatosis Inflammation Ballooning Fibrosis
Lobular Portal

Fat fraction Estimate 8.08 1.15 0.12 0.84 1.55
95% C1 (7.22,8.93) (=0.13,2.43) (—0.46, 0.69) (0.08, 1.59) 0.17, 2.93)
p value < 0.0001 0.07 0.69 0.03 0.03

Loss modulus Estimate 5.06 19.95 6.59 7.14 19.76
95% CI (—5.35,15.47) (4.40, 35.50) (—0.39, 13.57) (=2.01, 16.29) (2.98, 36.55)
p value 0.34 0.01 0.06 0.12 0.02

Shear stiffness Estimate 2.02 4.29 1.50 3.00 6.35
95% CI (0.93, 3.11) (2.66, 5.92) (0.77, 2.24) (2.04, 3.96) (4.59, 8.11)
p value <0.001 < 0.0001 0.0001 <0.0001 <0.0001
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Fig. 4 Histologic analyses, MR
imaging, and elastography results
in representative mice with NAS
scores 0f 0,2, 4, 6,and 8. a
Histologic images stained with
hematoxylin-eosin (H&E). b
MRI magnitude images and (c)
MRI-measured fat fraction maps.
MRE-measured (d) liver stiffness
and (e) loss modulus maps at

80 Hz. Liver ROIs are delineated
with yellow dotted lines.
Locations of the vibrating needle
(white circles) were excluded
from the calculation

NAS O

NAS 6

NAS 8

steatosis or inflammation) became progressively more severe,
eventually leading to the onset of later stage disease processes
(e.g., ballooning or fibrosis). Since both FF and liver stiffness
increase with the disease progress, it is not surprising to ob-
serve significant correlations between these two imaging pa-
rameters and the histologic features that compose the NAS
score. This finding is consistent with Imajo et al’s clinical
study where MRE-measured liver stiffness was significantly
correlated with inflammatory and ballooning grades and MRI-
measured FF was significantly correlated with steatosis and

Fig. 5 The receiver operating
characteristic (ROC) analyses for

(b) MRI
Magnitude

(c) Fat
Fraction

(e) Loss

(d) Stiffness Modulus

e 3 o
. CVELNEA | S |
E
0 40(%) 80 0 0.5(kPa)1 0 0.2(kPa)0.4

fibrosis stages [12], though it is difficult to separate the effects
of ballooning and fibrosis on liver stiffness. FF shows no
significant correlation with inflammation. It has been hypoth-
esized that a number of diverse parallel processes might con-
tribute to the development of inflammation in NASH.
Inflammation could have short-term fluctuations over the
course of NAFLD progression, as opposed to steatosis and
fibrosis that increasingly accumulate in this NAFLD model.
While significantly correlated, the relationships between
these imaging parameters and the histologic findings may

ROC Analyses of vNAS-OLM

NAS score prediction in the 10 Training Set 10 Testing Set
training (left) and testing (right) s ey |
cohorts. An ordinal logistical
model was used to predict NAS 0.8 0.8
scores (VNAS-OLM) for ROC S |
analysis. The areas under th.e 2o6 206
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in the table in the lower right Z 1 0.9034 'g" 1 06111
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Fig. 6 Scatter plots of the predicted VNAS-OLM (top left) and vNAS-
GLM (top right) scores and the actual histologic NAS score in the training
cohort of 64 mice (blue and red dots) and the testing cohort of 25 mice
(black dots) with the corresponding 3 x 3 agreement tables shown below.
This VNAS-GLM score was calculated as (VNAS-GLM =10.1 x FF +

not be as simple as monotonic linear functions. In practice,
these pathophysiologic events can coexist and interactively
affect each other during the NAFLD progression or regres-
sion. Medical diagnostic decisions are often based on a histo-
logical scoring system such as the widely used NAS score that
quantifies steatosis, ballooning, and inflammation, or a more
recently introduced SAF score that encompasses an assess-
ment of steatosis (S), activity (A, the unweighted sum of bal-
looning and lobular inflammation), and fibrosis (¥) [26].
Although many clinical investigations have shown that the
subjective NAS score has only fair to moderate repeatability
and reproducibility [21, 27-29], and that the SAF decision
tree diagnosis may be more accurate in identifying NASH,
the NAS score tends to be more suitable to fit within the
clinical trials for assessing changes in NAFLD severity given
its large dynamic range from 0 to 8 to evaluate severity of liver
injury. Therefore, this study has selected the NAS score as the
reference standard to develop the multiparametric imaging
model.

Excellent overall agreement and accuracy of both VNAS-
OLM and vNAS-GLM prediction to the actual histological

32.2xG"+9.3 x|G*|—2.8; FF—fat fraction, G"—loss modulus,
|G*|—Tliver stiffness). Note that the vNAS-GLM scores are continuous,
rather than discrete values. For both predictive models, the points are
slightly shifted along the horizontal coordinate for visibility

NAS score were observed in the training dataset. However,
the training set had the lowest agreement for the borderline-
NASH group with both predictive models, which is not sur-
prising as there exists a wide gray zone (NAS 3-4) where
NASH may or may not be present, and the use of NAS score
to diagnosis borderline-NASH remains controversial [21, 30].
Due to the lack of the borderline-NASH group in the testing
dataset, the model validation only focused on the performance
for the “not-NASH” and “definite-NASH” groups. The train-
ing dataset has an overall agreement of 80% and 84% for these
two groups by using OLM and GLM prediction respectively,
while agreement for the testing dataset is 92% with both OLM
and GLM prediction, respectively. For the “not-NASH” and
“definite-NASH” diagnoses, the testing dataset successfully
validated the performance of the proposed imaging predictive
models. Our preliminary results showed that continuous
vNAS-GLM had slightly better predictive performance com-
pared with the categorical vVNAS-OLM score, as it provides
better accuracy and precision with the expected tendency to
follow the actual progressive disease development. The mis-
classifications may because (1) the histologically assessed
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NAS score is subjective and has potential sampling errors and
(2) some controls have mild lobular inflammation, which may
be due to the invasive MRE needle penetration method
adopted in this study.

In this study, the NAFLD mouse model has a different
disease progression compared with NAFLD patients. For ex-
ample, many NAFLD mice have steatosis as early as week 1,
whereas NASH patients may present with little to no steatosis,
suggesting that inflammation may occur first [31]. In this sit-
uation, inflammation results in a stress response of the hepa-
tocytes, which may lead to lipid accumulation, and therefore
could precede steatosis in NASH. Hepatic steatosis may be
considered as a bystander phenomenon subsequent to inflam-
matory attacks. On the other hand, NASH subsequent to sim-
ple steatosis may be the consequence of persistent and pro-
moted inflammation. Many of these pathophysiologic events
may take place in parallel rather than consecutively as in the
mouse model, therefore not allowing the exact determination
of individual trends and effects in the evolution of NAFLD.
However, the study of in vivo animal models has many ad-
vantages. First, it provides the well-controlled etiologic back-
ground and extrahepatic effects, the ability to allow examina-
tion of pathophysiological status, and detailed histological
analysis, which are all unavailable in human studies.
Second, human subjects usually have a long chronic disease
progression, which is impractical to follow in the study de-
sign. Moreover, recruited human subjects are often in a chron-
ic stage of the disease, making it difficult to measure the ef-
fects of disease onset. Therefore, the use and outcome of this
animal model are pivotal to bridge the translational gap to the
clinic.

This study still has several limitations. First, this study is
limited to a single diet-induced NAFLD model. In practice,
NAFLD frequently coexists with other liver diseases (e.g.,
viral hepatitis, hemochromatosis, and alcoholic liver disease).
Thus, more studies involving different etiologies and disease
states are needed to further validate the relationships between
imaging predictors and histologic findings before clinical
translation. Second, given that no iron overload was observed
in this preclinical model (Fig. A), the FF was calculated based
on a gradient-echo sequence with two echoes. Improvements
in pulse sequence programming, including T1, T2*, and
multi-peak fatty component correction, will be required in
our future studies. Third, the use of NAS score to diagnosis
borderline-NASH has remained controversial [21, 30]. The
capabilities of our imaging biomarkers to predict other scoring
systems (e.g., SAF score [26]) for NASH diagnosis need to be
further investigated. Fourth, we did not achieve a sufficient
sample size for steatosis grades 1 and 2 and ballooning grade 2
in this training cohort and NAS scores 3—5 in the testing co-
hort, which limits the value of the validation, especially for the
borderline-NASH prediction. Finally, although the linear
model performed well in this preclinical model, future studies
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incorporating data from other preclinical and clinical models
and more sophisticated statistical techniques (e.g., nonlinear
machine learning algorithms) will be performed to further
optimize and validate the predictive values of our VNAS im-
aging indicators. Many studies have demonstrated high re-
peatability and reproducibility of MRI/MRE measurements
[32-37]. Although different acquisition strategies would lead
to different regression coefficients, the concept of the
imaging-based VNAS score is highly translational to other
MR studies. Therefore, we expect that the optimized,
imaging-based VNAS score would provide higher reliability
in noninvasively assessing liver disease severity and treatment
efficacy.

Conclusion

This is the first study in a NAFLD preclinical model showing
that imaging biomarkers from multiparametric hepatic MRI/
MRE can provide an accurate, noninvasive prediction of the
NAFLD activity score. The proposed model could be rapidly
applied to other preclinical and clinical studies to cross-
validate the relationships systematically and may have impor-
tant applications in drug evaluation, disease monitoring, and
therapy response assessment.
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