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ARTICLE INFO ABSTRACT

Purpose: To examine the feasibility of MR diffusion kurtosis imaging (DKI) for characterizing nonalcoholic fatty
liver disease (NAFLD) and diagnosing nonalcoholic steatohepatitis (NASH).

Methods: Thirty-two rabbits on high fat diet with different severities of NAFLD were imaged at 3 T MR including
diffusion weighted imaging (DWI) and DKI using b values of 0, 400, 800 s/mm? with 15 diffusion directions at
each b value. Apparent diffusion coefficient (ADC) was derived from the linear exponential DWI model. Mean
diffusion (MD) and mean kurtosis (MK) were derived from the quadratic exponential model of DKI. Correlations
between MR parameters and hepatic pathology determined by the NAFLD activity scoring system were analyzed
by Spearman rank correlation analysis. Receiver operating characteristic analyses were applied to determine the
cutoff values of MD, MK as well as ADC in distinguishing NASH from non-NASH. The diagnostic efficacies of MD
and MK in detecting NASH were compared with that of ADC.

Results: Values for ADC and MD significantly decreased as the severity of NAFLD increased (p = —0.529,
—0.904, respectively; P < 0.05). MK values significantly increased as the severity of NAFLD increased
(p = 0.761; P < 0.05). In addition, both MD and MK values were significantly different between borderline
NASH and NASH groups (MD: 1.729 + 0.144 vs. 1.458 + 0.240[ x10~>mm?/s]; MK: 1.096 + 0.079 vs.
1.237 = 0.180; P < 0.05). Moreover, there was a significantly higher area under the curve (AUC) for both MD
(0.955) and MK (0.905), as compared to ADC (0.736).

Conclusion: Diffusion kurtosis imaging was feasible for stratifying NAFLD, and more accurately discriminated
NASH from non-NASH when compared with DWI.
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1. Introduction hepatocellular carcinoma, therapies to inhibit steatosis, inflammation,

fibrosis and apoptosis are available to reverse NASH [3,4]. Accordingly,

Nonalcoholic fatty liver disease (NAFLD) is the leading cause of
chronic liver disease and has a rapidly increasing prevalence worldwide
[1,2]. The pathological spectrum of NAFLD ranges from isolated or
simple steatosis (SS) without inflammation, to the more aggressive
nonalcoholic steatohepatitis (NASH) characterized by steatosis, lobular
inflammation, and hepatocyte ballooning with varying degrees of fi-
brosis. Though NASH can progress to liver cirrhosis and even

distinguishing NASH from simple steatosis is crucial for patient man-
agement.

Currently, percutaneous liver biopsy is the reference standard for
diagnosing NASH [5]. Because of its invasiveness, potential complica-
tions and false negatives from sampling variability, biopsy is not widely
accepted by clinicians or patients. Accurate, non-invasive imaging
techniques are needed to diagnose NASH, monitor disease progression

Abbreviations: ADC, Apparent diffusion coefficient; DKI, Diffusion kurtosis imaging; FA, Fractional anisotropy; MD, Mean diffusion; MK, Mean kurtosis; NAFLD,
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and evaluate treatment response [6]. Laboratory tests such as cyto-
keratin-18 (CK-18) and serum aminotransferase, and several NAFLD
diagnostic panels (Fatty Liver Index, SteatoTest, NAFLD liver Fat Score
and Lipid accumulation product) still lack specificity for diagnosing
NASH [7].

Noninvasive magnetic resonance (MR) techniques, such as proton
MR spectroscopy (H'-MRS) and water-fat separation MR imaging
(IDEAL-IQ or Dixon) with proton density fat fraction (PDFF), have been
used to measure hepatic fat [8,9]. However, these methods are not able
to provide information regarding hepatic inflammation and fibrosis.
MR diffusion weighted imaging (DWI) to measure molecule motion has
been used in NAFLD. The apparent diffusion coefficient (ADC) from a
mono-exponential model [10] or diffusivity (D) and perfusion fraction
(f) from a bi-exponential model, suggest that ADC and D are well cor-
related with hepatic fat fraction but not with hepatic inflammation
[11,12]. Diffusion kurtosis imaging (DKI), is a more advanced DWI
method that is sensitive to non-Gaussian distribution of molecular
motion [13], which has been useful for diagnosing liver fibrosis and
malignant hepatic lesions [14,15]. DKI has yet to be applied to NAFLD.

We hypothesize that DKI is sensitive to hepatic steatosis, in-
flammation, hepatocyte ballooning, and fibrosis for assessing NAFLD
severity and distinguishing between NASH and simple steatosis. We
report here DKI as well as conventional DWI on a preclinical rabbit
model encompassing both simple steatosis and NASH induced by high
fat/cholesterol diet.

2. Materials and methods
2.1. Animal model

This study was approved by the animal care and use committee.
Thirty-two male New Zealand rabbits weighing approximately 2.5 kg
were randomly divided into a normal diet group (n = 6) and a high fat
diet group (n = 26). All rabbits were kept in independent cages at room
temperature (21 = 2°C). The diurnal circle was 12h. The weight of
chow was restricted to 100 g per-rabbit per-day. Rabbits in the normal
diet group (n = 6), were fed a standard diet (Product No. TP2R001,
Trophic Animal Feed high-tech Co. Ltd., China) for 3 weeks. To induce
different NAFLD, twenty-six rabbits were fed a high fat/cholesterol diet
(standard diet supplemented with 2% cholesterol and 10% triglycer-
ides, Product No. TP2R144; Trophic Animal Feed high-tech Co.Ltd.,
China) for 1week (n=6), 3weeks (n=6), 4weeks (n=6), and
8 weeks (n = 8) to achieve different degrees of NAFLD severity ranging
from simple steatosis (1 week) to high grade NASH (8 weeks) [16].

2.2. Magnetic resonance imaging

All MRI experiments were performed on a clinical 3.0 T MR imaging
system (Discovery 750 W, GE, USA) with a 16-channel surface coil
(GEM Flex). Each rabbit was anesthetized with auricular injection of
pentobarbital sodium, laterally positioned, and fixed with adhesive tape
to reduce movement artifact. Free-breathing liver DKI and DWI were
performed using axial single shot echo planar imaging, as previously
reported [17,18] using the following parameters: TR/TE = 2500/
77.4msec. Three b values (0, 400 and 800 s/mm?) with 15 diffusion
directions at each b value were acquired and attained sufficient signal
to noise ratio (SNR). The remaining parameters were: matrix
128 x 128 pixels; slice number 9; slice thickness 3.0 mm; slice space
0.3 mm; field of view (FOV) 15.0 mm X 10.0 mm. The acquisition time
was 2min 38s. The pentobarbital sodium reduced the respiratory rate
and tidal volumes sufficiently to minimize respiratory motion artifacts.

For DWI, the sequence parameters were: repetition time/echo time
2500/77.4 msec; matrix size 128 x 128 pixels; slice number 9; slice
thickness 3.0 mm; FOV 15.0mm X 10.0 mm. The choice of b values
was 0 and 600 s/mm?. The acquisition time was 1 min 25s.
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2.3. Imaging analysis

Two radiologists with 5 and 12 years of experience in abdominal
imaging, were blinded to the diet and the histological grade of each
rabbit, and analyzed all images on a computer workstation (Advantage
Workstation 4.6 GE, USA). DKI-derived parameters, including fractional
anisotropy (FA), mean diffusion (MD, D) and mean kurtosis (MK, K) as
[15]: S(b) = S(0)exp(—bD + b%D?K/6), where b represents each ap-
plied b-value and S(0) is the signal intensity at b = 0s/mm? For
comparison, ADC values based on DWI images were calculated by using
a monoexponential model [19]: S(b) = S(0)exp(—b-ADC). For each
rabbit, three circular regions of interest (ROI) with areas ranging from
30 to 50 mm? were delineated within liver parenchyma on ADC and
DKI parametric maps (FA, MD, MK). ROI placement was chosen to
exclude large hepatic vessels and artifacts. The 3 ROIs were placed on
different slices and in three different liver regions being careful to stay
away from the stomach which commonly had susceptibility artifact
from gastric air. These ROIs were automatically propagated between
each parametric map. The six ROI measurements (3 from each radi-
ologist) were averaged for further statistical analysis.

2.4. Histopathological analysis

All rabbits were sacrificed directly after the MRI experiments. Liver
samples were immersed in 10% phosphate-buffered formalin, paraffin
embedded, and sectioned. Hematoxylin and eosin, and Masson's tri-
chrome staining were performed on each sample. The slides were re-
viewed by a pathologist with 15 years of experience in liver pathology,
who was blinded to the rabbit diets and imaging data. The NASH
clinical research network's (NASH CRN) NAFLD Activity Score (NAS)
was used to develop a score for each rabbit [20], which was the sum of
semi-quantitatively determined indicators including steatosis (0-3
points), acinar inflammation (0-3 points) and hepatocellular ballooning
(0-2 points). It thus determined normal (NAS = 0), simple steatosis
(SS) (NAS =1, 2), borderline NASH (NAS =3, 4) and NASH
(NAS = 5). METAVIR scoring system was used to evaluate the degree of
fibrosis [21], in which FO = no relevant fibrosis, F1 = zone 3 perisi-
nusoidal fibrosis or portal, F2 = zone 3 perisinusoidal fibrosis and peri-
portal fibrosis, F3 = bridging fibrosis and F4 = cirrhosis.

2.5. Statistical analysis

All statistical analyses were performed with SPSS software (version
20.0, SPSS; Chicago) and MedCalc (version 17.6, Mariakerke, Belgium).
The Shapiro-Wilk test was used to determine the normality of diffusion
parameters (ADC, FA, MD and MK). Gaussian distribution variables
were expressed as mean with standard deviation (SD). Intra-class cor-
relation (ICC) coefficient analysis was used to assess the inter-observer
reproducibility of MRI measurements. Diffusion parameters (ADC, FA,
MD and MK) between the different NAFLD groups were compared by
one-way analysis of variance and least significant difference test.
Spearman rank correlation analysis was performed to compare the
correlations between ADC, FA, MD, MK and the severity of NAFLD. To
identify which pathological features (steatosis, acinar inflammation,
hepatocellular ballooning and fibrosis), caused the greatest impact on
DWI and DKI derived parameters (ADC, MD, MK), multivariate stepwise
regression analysis was performed. Variables with P > 0.1 at uni-
variate analysis were removed in the regression model. Additionally,
receiver operating characteristic curve (ROC) analysis was performed to
assess the diagnostic performance of ADC, MD and MK for NAFLD
grading. The optimal cutoff values were defined as the value that
maximized the sum of the sensitivity and specificity; the corresponding
sensitivities and specificities were also obtained. ROC curves were
compared to evaluate the diagnostic efficacies of ADC, MD and MK in
predicting NASH. P < 0.05 was considered statistically significant.
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Fig. 1. Photomicrograph of normal liver specimen (a). Photomicrograph of NASH liver specimen (b). Fat accumulation and ballooning degeneration in hepatic cells
with lobular inflammation were showed in the NASH (hematoxylin-eosin stain; magnification, x 200).

3. Results
3.1. Histopathology

Liver specimens from high fat/cholesterol diets showed a homo-
geneous increase in microvesicular steatosis and ballooning degenera-
tion of hepatocytes with scattered lobular inflammation; these patho-
logical changes corresponded to the duration of the high fat diet.
(Fig. 1).

In the normal diet group, all 6 rabbits had normal livers with
NAS = 0. In comparison, after one week on the high fat/cholesterol
diet, 5 out of 6 rabbit livers were classified as simple steatosis and the
other was normal. After 3weeks on the high fat/cholesterol diet, 3
rabbit livers were classified as simple steatosis and the remaining 3
were borderline NASH. After 4 weeks on the high fat/cholesterol diet, 3
livers were classified as borderline NASH and other 3 were NASH. After
8 weeks on the high fat/cholesterol diet, all 8 rabbit livers were clas-
sified as NASH. In total, there were 7 rabbits with normal liver, 8 with
simple steatosis, 6 with borderline NASH, and 11 with NASH.

According to the METAVIR scoring system, all 7 rabbits with normal
liver and 8 with simple steatosis scored FO. In addition, 3 of 6 animals
whose livers were classified as borderline NASH were scored FO; the
remaining 3 were scored F1. One of the 11 livers in the NASH group
was scored F2 and the remaining ten were scored F1. No F3 and F4 liver
specimens were detected in our study.

3.2. MR measurements in NAFLD groups with different severities

Inter-observer agreement was high with intra-class correlation
coefficients (ICC) values of 0.897, 0.885, 0.969, 0.927, for ADC, FA,
MD, and MK, respectively. Mean levels of ADC, FA, MD and MK values
for the normal, simple steatosis, borderline NASH and NASH groups
were in Table 1. MD was the only parameter in which the values were
statistically different between all groups: normal vs. simple steatosis

(2.434 + 0.251 vs. 1.973 + 0.185 [ x 10~ 3 mm?/s]), simple steatosis
vs. borderline NASH (1.973 * 0.185vs. 1.729 * 0.114 [x 10~ >mm?/
s]), and borderline vs. NASH (1.729 + 0.114 vs. 1.458 = 0.240
[ x 103 mm?/s]). In addition, MK showed significantly different values
between the borderline and NASH groups (1.096 = 0.079 vs.
1.237 = 0.180), but no significant difference was found between
normal and simple steatosis, nor between simple steatosis and border-
line NASH (Fig. 2).

3.3. Correlation between diffusion parameters and NAFLD severity

As NAFLD severity increased, both MD and ADC were negatively
correlated, with correlation coefficients of —0.905 and — 0.529, re-
spectively (P < 0.05). In contrast, a positive correlation was found
between NAFLD progression and MK (p = 0.761; P < 0.05). For FA
values, no significant correlation with NAFLD severity was observed
(p = 0.030; P = 0.869) (Table 1). Examples of ADC, FA, MD and MK
pseudo-color maps from the normal liver and NASH groups are shown
in Fig. 3.

Stepwise multiple regression analysis including the four histological
variables (steatosis, acinar inflammation, hepatocellular ballooning,
and fibrosis) showed MD significantly correlated only with hepatocel-
lular steatosis (R*-adjusted = 0.711; P < 0.001). In contrast, ADC and
MK significantly correlated with hepatocellular ballooning (ADC: R*-
adjusted = 0.275; MK: R%-adjusted = 0.496; P < 0.001).

3.4. Receiver operating characteristics curve analysis

ROC curve analysis including area under the ROC curve (AUC),
cutoff values, sensitivities and specificities for differentiating NASH
from non-NASH livers were listed in Table 2.

Comparing ROC curves analysis, MD (AUC = 0.955) and MK
(AUC = 0.905) showed significantly greater AUC values than ADC
(AUC = 0.727), indicating more robust performance in differentiating

Table 1
Association of Diffusion Parameters (ADC, FA, MD, MK) with NAFLD Severity Groups.
Parameters Normal histology Simple steatosis Borderline NASH p P
n=7) n=28) NASH (n=11)
(n=16)
ADC (x 10~ °mm?/s) 1.338 = 0.222 1.225 = 0.264 1.063 = 0.149 1.041 = 0.168 —-0.529 0.002
FA (%) 0.609 + 0.031 0.637 + 0.033 0.614 + 0.048 0.618 + 0.042 0.030 0.869
MD (x 10~ 3 mm?/s) 2.434 + 0.251 1.973 = 0.185 1.729 = 0.114 1.458 = 0.240 —0.905 < 0.001
MK 0.964 + 0.090 1.047 = 0.058 1.096 = 0.079 1.237 = 0.180 0.761 < 0.001

+

Data expressed as means

standard deviation. Spearman rank correlation analysis was performed to compare the correlations between ADC, FA, MD, MK and the

severity of NAFLD. p, Spearman correlation coefficient. ADC, apparent diffusion coefficient; FA, fractional anisotropy; MD, mean diffusion; MK, mean kurtosis.
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Fig. 2. Histograms of diffusion parameter values at different severities of NAFLD groups based on NAS scoring system. MD was the only parameter showing
significant differences between each NAFLD groups. Both MD and MK showed significant difference between the borderline and NASH groups (*P < 0.05).

NASH from non-NASH (P < 0.05). No significant difference was found
between MD and MK in differentiating NASH from non-NASH (Fig. 4).

4. Discussion

These data from 32 rabbits with diet induced fatty liver demonstrate
that NAFLD severity can be evaluated by diffusion kurtosis imaging
(DKI). MK and MD significantly correlated with NAFLD severity. Both
MK and MD values were significantly different between the borderline
NASH and NASH groups. Furthermore, the diagnostic accuracies of MD
and MK from the DKI model were higher than that of ADC in the dif-
ferentiation of NASH from non-NASH. Compared with mono-ex-
ponential DWI, DKI appears to reveal non-Gaussian water diffusion
information in the tissue microenvironment affected by NAFLD pa-
thology. MK and MD are promising diffusion biomarkers for early de-
tection of NASH.

MD reflects mean values of molecular diffusion in multiple direc-
tions obtained from the DKI model. Previous studies indicated that MD
yielded a more accurate diffusion metric than ADC [17,22]. Similarly,
our study also showed that MD (p = —0.905) had a larger correlation
coefficient with NAFLD severity than ADC (p = —0.529). In addition,
when compared to ADC, MD had a higher diagnostic accuracy (greater
AUQC) in distinguishing NASH from non-NASH (P < 0.05). As NAFLD

progresses, increasing intracellular triglycerides cause hepatocellular
ballooning, narrowed sinusoids, and extracellular inflammation re-
stricting water molecular diffusion both intracellularly and extra-
cellularly [23,24]. These new populations of restricted water protons
skew the normal distribution of diffusivity creating a non-Gaussian
distribution that is detected with DKI but not correctly modeled with
mono-exponential ADC [25,26].

Another parameter in this non-Gaussian diffusion model, MK, ac-
counts for additional complexity of the microenvironment and its
magnitude of deviation from Gaussian diffusion in biological tissues
[27]. Anderson et al. [28] and Hu et al. [29] reported that MK reflected
liver microstructural complexity and positively correlated with fibrosis
stage. The current study showed that MK increased with increasing
NAFLD severity and was independently associated with hepatocellular
ballooning but not with steatosis, acinar inflammation, or fibrosis. Of
note, Li et al. [30] reported that of these variables, fibrosis was the only
variable associated with MK in liver fibrosis, but our results indicated
that there was no independent association between fibrosis and MK.
This discordance may be because our study only included one rabbit
with F2. Lack of fibrosis in our rabbit model reflected the short duration
of NASH which takes longer to develop cirrhosis. However, our goal
was to detect the early findings of NASH before liver fibrosis becomes
irreversible; so, the model was useful in this regard. Although fibrosis
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Fig. 3. Diffusion parameters maps of normal liver (upper images a—e, on standard diet feeding) and nonalcoholic steatohepatitis (lower images f-j, on high fat/
cholesterol diet feeding for 8 weeks). a is a representative DWI image at b value of 0 s/mm? and b-e are pseudo-color maps of ADC, FA, MD, and MK with mean values
of 1.360 X 10~ 3>mm?/s, 60.4%, 2.313 x 10> mm?/s and 0.999, respectively. f is an exemplary DWI image at b value of 0 s/mm? and g-j are pseudo-color maps of
ADC, FA, MD and MK with mean values of 0.847 x 10~ 3mm?/s, 69.2%, 1.197 x 10~ >mm?/s and 1.392, respectively.

was not prominent in our study, the presence of steatosis, inflamma-
tion, necrosis, hepatocellular ballooning and hepatocyte regeneration
was changing the microscopic structure causing larger MK.
Conventional DWI assumes that water molecules are moving ran-
domly and therefore can provide information about the extracellular
space. Previous studies showed that ADC and fat fraction had an inverse
relationship, likely because diffusion of water molecules was restricted
by fat accumulation [10,31]. Joo [11] reported that the ADC value was
decreased in a NAFLD group as compared to the normal group, but it
did not correlate with NAFLD severity (p = —0.27; P = 0.17). Our data
show ADC was inversely correlated with NAFLD severity (p = —0.529;
P = 0.002), but unable to differentiate borderline NASH from NASH.
Joo et al. [11] staged NAFLD in rabbits using multi-b values in DWI
(intravenous incoherent motion, IVIM), in which diffusion and perfu-
sion could be separately obtained. In their study, the perfusion fraction
(f) decreased with increasing severity of NAFLD and was able to dis-
tinguish NASH from non-NASH. However, Guiu et al. [12] demon-
strated that f increased in steatotic compared with nonsteatotic pa-
tients. Thus, the accuracy of the IVIM model in stratifying NAFLD needs
to be further validated. MR imaging with specialized contrast agents

Table 2

such as bis-hydroxy-tryptamide-diethylenetriaminepentaacetate gado-
linium (MPO-Gd), ultrasmall superparamagnetic iron oxide particle
(USPIO) or gadolinium ethoxybenzyl diethylenetriamine pentaacetic
acid (Gd-EOB-DTPA) might assess the inflammatory activity in NAFLD
[32-35]. However, these add cost/complexity to the MRI exam and
possible allergic reactions and renal injury may contraindicate contrast
administration in some patients.

Limitations of this study include a relatively small number of rabbits
(n = 32), however the observations are statistically significant. Second,
the NAFLD rabbit models induced by high fat/cholesterol diet feeding
may be different from human NAFLD. In particular humans often have
more fibrosis. A rabbit model with more fibrosis may be possible by
extending the high fat/cholesterol diet beyond 8 weeks. Third, all liver
MR imaging was performed during free breathing with limits image
quality and may result in imperfect registration of images with different
b values in patients. Respiratory motion was minimized in these rabbits
with sodium pentobarbital anesthesia to reduce respiratory rate and
tidal volumes. Fourth, the maximum b value of our study was 800s/
mm?, higher b values can be used to quantify non-Gaussian diffusions
parameters more precisely but our preliminary scanning showed that

Receiver operating characteristics curve analysis of MR parameters for stratifying NAFLD.

NAFLD Stages Parameters AUC 95%CI(AUC) Cutoff values Sensitivity (%) Specificity (%)
Normal (n = 7) ADC(% 10 *mm?/s) 0.811 0.634 - 0.927 1.240 80.00 85.71
Vs. MD( x 10 *mm?/s) 0.989 0.870 - 1.000 2.040 96.00 100.00
= Simple steatosis (n=25) MK 0.894 0.734 - 0.975 0.943 100.00 71.43
< Simple steatosis (n=15) ADC(X 10 *mm?/s) 0.800 0.621- 0.900 1.240 94.12 66.67
vs. MD(x 10 *mm?/s) 0.973 0.844 - 1.000 1.800 94.12 93.33
> Borderline (n=17) MK 0.884 0.722 - 0.970 1.153 64.71 100.00
< Borderline (n=21) ADC(x 10 *mm?/s) 0.727 0.542 - 0.896 1.200 90.91 57.14
Vs. MD( % 10 “*mm?/s) 0.955 0.816 - 0.997 1.600 81.82 95.24
NASH (n=11) MK 0.905 0.748 - 0.980 1.157 81.82 95.24

The diagnostic performance of ADC, MD and MK for NAFLD grading were assessed by receiver operating characteristic curve analysis. The optimal cutoff values were
defined as the value that maximized the sum of the sensitivity and specificity; the corresponding sensitivities and specificities were also obtained. ADC, apparent

diffusion coefficient; MD, mean diffusion; MK, mean kurtosis.
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Fig. 4. Diagnostic ability of ADC, MD and MK for discriminating NASH from
non-NASH groups. Both MD and MK showed higher AUC values than ADC
(P < 0.05).

higher b values had too much noise for accurate post processing [18]. A
larger sample of human NAFLD patients scanned with higher b-values
might provide more reliable values of DKI in stratifying NAFLD.

In conclusion, this study demonstrated that DKI was feasible for
noninvasive stratification of NAFLD in a rabbit model. Both DKI-de-
rived metrics, MD and MK, showed more robust performance compared
to conventional diffusion parameter ADC in differentiating NASH from
non-NASH. Therefore, DKI could serve as a robust technique to stratify
NAFLD, and might have potential to be used in early diagnosis of
nonalcoholic steatohepatitis. DKI will be tested in patients with NAFLD
for further validation.
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