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Abstract

Objective To evaluate the diagnostic performance of intravoxel incoherent motion (IVIM) diffusion-weighted imaging (DWI)

for grading hepatic inflammation.

Methods In this retrospective cross-sectional dual-center study, 91 patients with chronic liver disease were recruited between

September 2014 and September 2018. Patients underwent 3.0-T MRI examinations within 6 weeks from a liver biopsy. IVIM

parameters, perfusion fraction ( /), diffusion coefficient (D), and pseudo-diffusion coefficient (D*), were estimated using a voxel-

wise nonlinear regression on DWI series (10 b-values from 0 to 800 s/mm?). The reference standard was histopathological

analysis of hepatic inflammation grade, steatosis grade, and fibrosis stage. Intraclass correlation coefficients (ICC), univariate and

multivariate correlation analyses, and areas under receiver operating characteristic curves (AUC) were assessed.

Results Parameters f, D, and D* had ICCs of 0.860, 0.839, and 0.916, respectively. Correlations of £, D, and D* with inflam-

mation grade were p=—0.70, p <0.0001; p=0.10, p=0.35; and p=—0.27, p = 0.010, respectively. When adjusting for fibrosis

and steatosis, the correlation between f and inflammation (p <0.0001) remained, and that between f and fibrosis was also

significant to a lesser extent (p =0.002). AUCs of f, D, and D* for distinguishing inflammation grades 0 vs. >1 were 0.84,

0.53, and 0.70; <1 vs. >2 were 0.88, 0.57, and 0.60; and <2 vs. 3 were 0.86, 0.54, and 0.65, respectively.

Conclusion Perfusion fraction f strongly correlated, D very weakly correlated, and D* weakly correlated with inflammation.

Among all IVIM parameters, f accurately graded inflammation and showed promise as a biomarker of hepatic inflammation.

Key Points

* IVIM parameters derived from DWI series with 10 b-values are reproducible for liver tissue characterization.

* This retrospective two-center study showed that perfusion fraction provided good diagnostic performance for distinguishing
dichotomized grades of inflammation.

* Fibrosis is a significant confounder on the association between inflammation and perfusion fraction.
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Abbreviations

ADC Apparent diffusion coefficient
AIH Autoimmune hepatitis
AUC Area under the ROC curve

CI Confidence interval

CLD Chronic liver disease

DWI Diffusion-weighted imaging
HBV Hepatitis B virus

HCV Hepatitis C virus

ICC Intraclass correlation coefficient

IVIM DWI  Intravoxel incoherent motion
diffusion-weighted imaging

MRI Magnetic resonance imaging

NAFLD Nonalcoholic fatty liver disease

NASH CRN NASH Clinical Research Network

NASH Nonalcoholic steatohepatitis

NPV Negative predictive value

PDFF Proton density fat fraction

PPV Positive predictive value

ROC Receiver operating characteristic

SPIR Spectral presaturation inversion recovery

Introduction

Chronic liver disease (CLD) describes a spectrum of long-
term liver disease caused by viral, metabolic, toxic, or auto-
immune causes that carry an important economic and clinical
burden on healthcare systems. The most prevalent condition,
nonalcoholic fatty liver disease (NAFLD), costs upwards of
$100 billion annually in the USA [1]. Given this disease spec-
trum, CLD has several histopathological manifestations, in-
cluding lobular inflammation, hepatocyte ballooning,
steatosis, and fibrosis [2]. Inflammation constitutes a manifes-
tation of disease activity and may lead to stellate cell activa-
tion, liver fibrosis [3], and cirrhosis [4, 5]. The presence of
inflammation and ballooning characterizes nonalcoholic
steatohepatitis (NASH), the progressive form of NAFLD,
and is found in other conditions such as viral hepatitis and
autoimmune hepatitis. Noninvasive detection and grading of
inflammation are critical for early characterization of CLD.
Diffusion-weighted imaging (DWI) was previously pro-
posed as a noninvasive technique for staging liver fibrosis
through detection of diffusion- and perfusion-related changes
[6, 7]. Earlier works have proposed a mono-exponential ap-
proach for estimating the apparent diffusion coefficient
(ADC) [8-10]. Recent reports favor a bi-exponential approach
to fit nonlinearly intravoxel incoherent motion (IVIM) DWI
parameters, such as the perfusion fraction (f), the diffusion
coefficient (D), and the pseudo-diffusion coefficient (D*)
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[11-13]. IVIM DWTI assesses diffusion and perfusion in image
voxels at the microcirculation level by capturing random
movements of water molecules [14]. Most studies included
heterogeneous cohorts of CLD [6, 7, 12, 13], although a few
studies have targeted NAFLD [15, 16], viral hepatitis B [17,
18], and viral hepatitis C [8, 19].

In the last decade, two experimental animal studies have
observed that f"decreases in the presence of inflammation in
animal models with NAFLD or NASH [20, 21]. Both studies
demonstrated the diagnostic value of fto distinguish NAFLD
from NASH and one also showed that f could distinguish
advanced inflammation from moderate or negligible inflam-
mation. Since the onset of inflammation predicts
the progression of fibrosis and disease activity [22], noninva-
sive detection and grading of inflammation are urgently need-
ed. Because histopathological features of CLD such as
steatosis, inflammation, and fibrosis may co-exist, the impact
of these confounders on IVIM parameters must also be
assessed.

The purpose of this study was to evaluate the diagnostic
performance of IVIM parameters for assessing histology-
determined inflammation grades in patients with CLD. The
secondary aims were to evaluate the confounding effects of
other histopathological features (i.e., steatosis and fibrosis)
and to compare IVIM parameters and proton density fat frac-
tions (PDFF) in subgroups with inflammatory or fatty liver
diseases.

Materials and methods
Study design and patients

This is a retrospective, cross-sectional ancillary study to a
diagnostic clinical trial (ClinicalTrials.gov identifier no.
NCT02044523). Study protocol was approved by the
Institutional Review Board of the two participating
institutions. All patients provided written informed consent.
The prior prospective cross-sectional trial provided paired
comparisons of ultrasound- and magnetic resonance—based
elastography for staging liver fibrosis [23].

In this ancillary study, IVIM DWI sequences were ana-
lyzed to evaluate their diagnostic performance in assessing
histology-determined inflammation. MRI examinations were
performed within 6 weeks of the liver biopsy with a minimal
delay of 48 h if performed after the biopsy.

The hepatology clinics of both institutions recruited partic-
ipants between September 2014 and September 2018. Adult
patients who underwent a liver biopsy as part of their clinical
standard of care for suspected or known CLD caused by
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hepatitis B virus (HBV), hepatitis C virus (HCV), NAFLD,
NASH, autoimmune hepatitis (AIH), or mixed etiologies were
included. Candidates with liver biopsies to distinguish be-
tween fibrosis stages inferred by FibroScan and by noninva-
sive laboratory scoring systems were also included. Patients
were excluded if MRI was contra-indicated or if they were
unable to provide written informed consent.

MRI examinations

Eligible patients were examined in supine position in a
fasted state with a clinical 3.0-T scanner (Achieva TX;
Philips Healthcare) using a 16-channel body array for sig-
nal reception. IVIM DWI was performed using a
respiratory-triggered spin-echo diffusion-weighted echo-
planar imaging sequence. Since fat confounds DWI sig-
nals [24], combined spectral presaturation inversion re-
covery (SPIR) and gradient reversal were used to remove
fat signal from the DWI acquisition [25]. DWI was ac-
quired at 10 b-values (0, 10, 20, 30, 40, 50, 100, 200,
400, 800 s/mmz). Total acquisition time was about
6 min, depending on breathing. MRI PDFF was acquired
with a seven-echo spoiled gradient-echo sequence of the
whole liver during a single breath-hold. Echoes were ac-
quired using a bipolar readout scheme within a single TR.
Sequence parameters are detailed in Supplementary
Table 1.

MRI post-processing

IVIM DWI parameters (perfusion fraction—f, true diffusion
coefficient—D, and pseudo-diffusion coefficient—D*) were
obtained using a least squares nonlinear regression on a seg-
mented bi-exponential model on DWI signals (S7) at different
b-values (equation below) using MATLAB R2018a
(MathWorks).

SI(b) ~bD ~bD™
SI(b=0s/mm?) (I=f)e™ + fe

Fast perfusion components, /' and D* associated with
the fraction of flowing blood and the velocity of capillary
blood, respectively, were obtained on the first part of DWI
series (b < 150 s/mm?). The slow diffusion component, D as-
sociated with tissue molecular diffusion, was evaluated on the
later part of DWI series (&> 150 s/mm?) (Fig. 1) [26].
Apparent diffusion coefficient (ADC) values were also obtain-
ed using three b-values (100, 400, and 800 s/mmz) excluding
b =0 s/mm? to remove perfusion effects, according to a recent
consensus [27].

A region of interest (ROI) encompassing the liver over 5
central axial slices located at least 2.5 cm below the dome of
the diaphragm was used. A radiology resident (L.B., 3 years of

experience in liver MRI) supervised by an experienced ab-
dominal radiologist (A.T., 14 years of experience in liver
MRI) manually selected these sequential transverse slices
and segmented the liver parenchyma on images with =0 s/
mm?. All images were registered to the »=0 s/mm> image
using a nonrigid motion correction algorithm [28]. Voxels
with /> 0.5 were discarded from the calculation as they
belonged to large vessels. In fact, average f in segmented
vessels in randomly sampled patients (n =30) was 0.48 +
0.08 (mean + standard deviation). Only series of voxels for
which the normalized root mean squared error (NRMSE) of
the regression was lower than 0.05 were included in calcula-
tion, to account for residual breathing and cardiac motion. A
fellowship-trained abdominal radiologist (M.C., 4 years of
experience in liver MRI) repeated segmentation in the sub-
group (n=30) to evaluate inter-reader variability of IVIM
parameters. The second reader also performed another seg-
mentation manually excluding large vessels (i.e., portal vein
and inferior vena cava) on the same 5 slices and IVIM param-
eters were re-evaluated to assess bias induced by the fthresh-
old used.

Similarly, PDFF maps were obtained using a voxel-wise
nonlinear least squares fitting based on all echoes according to
previously reported methodologies [29, 30]. Reported mean
PDFF values were calculated from 5 axial slices.

Histopathological analysis

Histopathological features were centrally analyzed by a
liver pathologist (B.N.N., 21 years of experience in
hepatopathology). Sixteen- to 18-gauge percutaneous
ultrasound-guided liver biopsies were performed in the
right lobe. Liver biopsies were fixed in formalin 10%
and processed according to clinical standard of care.
Paraffin sections were stained with hematoxylin and eo-
sin, Masson’s trichrome, periodic acid-Schiff-diastase,
reticulin, and Perls’ Prussian blue for iron staining in all
cases. For patients with HBV, HCV, or AIH (n=37), the
METAVIR scoring system was used to grade inflamma-
tory activity from 0 to 3 and fibrosis stages from FO to F4.
For patients with NAFLD or NASH (n=47), the NASH
Clinical Research Network (NASH CRN) scoring system
was used to grade lobular inflammation from 0 to 3 and
fibrosis from FO to F4 [31, 32]. Steatosis grading for all
cases was performed on an ordinal scale from 0 to 3 by
assessing proportion of hepatocytes with macrovesicles of
fat. Inflammation grades throughout this study refer to
inflammatory activity grades and lobular inflammation
grades as scored by the METAVIR and the NASH CRN
scoring systems, respectively. Biopsy specimens from pa-
tients with mixed CLD causes were assessed using the
scoring system associated with the dominant cause of
CLD (n="7).
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a b (s/mm?)

Fig. 1 Schematic of intravoxel incoherent motion diffusion-weighted
imaging. a Diffusion-weighted image series are used to fit (b) signal
intensities in each voxel with a nonlinear regression on a segmented bi-
exponential model. ¢ Water diffusion schematic shows altered molecule

Blinding

The pathologist was blinded to imaging results. The image
analysts were blinded to the biopsy results.

Statistical analysis

Statistical analyses were supervised by a senior biostatistician
with SPSS 25 (SPSS Statistics) and the open-source software
R 3.4.2 (R Foundation). Statistical significance was defined
after Bonferroni correction as p < 0.01 to account for multiple
comparisons between pairs of [IVIM parameters and histopath-
ological features. Normality of variables was tested using the
Shapiro-Wilk test. Non-normally distributed variables were
compared using non-parametric tests.

Inter-reader variability Intraclass correlation coefficients
(ICC) were reported to assess the inter-reader variability of
IVIM parameters in a randomly sampled subgroup (= 30)
[33]. The agreement of measurements was considered poor
(ICC<0.50), good (0.50 <ICC<0.80), very good (0.80<
ICC < 0.90), or excellent (ICC >0.90).

Correlation analysis Estimates of Spearman’s p were used
to assess correlations between histopathological features
and index tests. Rank correlations were considered negli-
gible (|p|<0.10), weak (0.10<|p|<0.40), moderate
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(0.40<]p|<0.70), strong (0.70<|p|<0.90), or very strong
(|p=0.90) [34]. Multiple regression analyses were per-
formed to assess associations when more than one signif-
icant correlation was found on univariate analysis.
Estimated regression coefficients, standard deviation of
coefficients, standardized regression coefficients, and ad-
justed R? of regression models without interaction effects
were reported.

Grading comparison Differences of index test measurements
across all histopathological feature grades were tested using
the nonparametric Kruskal-Wallis rank sum test. Pairwise
comparisons of index tests were performed between grades
of histopathological features with a post hoc Mann-Whitney
U test with Bonferroni correction.

Diagnostic performance The diagnostic performance of IVIM
parameters for grading hepatic inflammation was assessed
using receiver operating characteristic (ROC) analyses to
compute areas under the ROC curve (AUC). Thresholds max-
imizing Youden’s index were identified and associated sensi-
tivities, specificities, accuracies, positive predictive values
(PPV), and negative predictive values (NPV) were reported.
Bootstrapping was used to evaluate 95% confidence intervals
(CI) of each diagnostic performance metric by resampling
measurements 2000 times. AUCs were compared using the
DeLong method [35].
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Subgroup analysis Differences of index tests measurements
within subgroups were explored. The cohort was divided
based on the etiology of CLD, notably inflammatory causes
(i.e., HBV, HCV, or AIH) and fatty liver disease (i.e., NAFLD
or NASH). Differences were also explored across grades of
histopathological features in these subgroups.

Results

Ninety-one eligible patients were included in the final cohort
(Fig. 2). Patients’ mean age was 56+ 12 years (range: 23—
79 years) and 44 were women (48%) (Table 1). All patients
had suspected or known liver fibrosis induced by either HBV
(3 0f 91, 3%), HCV (20 of 91, 22%), NAFLD (5 of 91, 6%),
NASH (42 of 91, 46%), AIH (14 of 91, 15%), or mixed eti-
ology (7 of 91, 8%).

Inflammation grades 0, 1, 2, and 3 were found in 8
(9%), 46 (50%), 28 (31%), and 9 (10%) patients, respec-
tively. Steatosis grades 0, 1, 2, and 3 were found in 33
(36%), 25 (27%), 15 (17%), and 18 (20%) patients, re-
spectively. Fibrosis stage FO, F1, F2, F3, and F4 were
found in 14 (15%), 15 (17%), 23 (25%), 16 (18%), and
23 (25%) patients, respectively. The interval of time be-
tween the MRI and the biopsy was 24 + 10 days on aver-
age (range: 1 day—6 weeks).

Perfusion fraction (f) was 0.25+0.04 (mean =+ standard
deviation) (range: 0.17-0.33); true diffusion coefficient (D)
was 0.97+0.18x 10> mm?/s (0.63 x 10 °~1.35
x 107> mm?/s); pseudo-diffusion coefficient (D*) was 59.7
+14.0 x 10> mm?/s (34.3 x 10°~108.6 x 10> mm?/s); mean
ADC was 0.99+0.17 x 10> mm?/s (0.62 x 10 >~1.43 x
10 mm?/s); and mean PDFF was 12.1 +9.9% (1.2-43.6%)
(Table 2). These values were calculated in ROIs of 623.8 +
199.9 cm? on average (239.2-999.5 cm?).

Inter-reader variability

In the subset of patients with segmentations by two readers
(n=30), the ICC was 0.860 for f, 0.839 for D, 0.916 for D*,
and 0.911 for ADC. When manually excluding large vessels
and without using a f threshold of 0.5 in the same subset of
patients, ICC was reduced to 0.760 for f, 0.513 for D, 0.907
for D*, and 0.886 for ADC.

Correlation analysis

In univariate analysis, correlations of £, D, and D* with in-
flammation grades were p=—0.70, p <0.0001; p=0.10, p=
0.35; and p=—0.27, p=0.010, respectively (Table 3, Fig. 3).
Parameter f also showed a negative correlation with fibrosis
(p=—0.46, p<0.0001) and was positively correlated, to a
lesser extent, with steatosis (p=0.35, p=0.001). D, ADC,
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Table 1 Characteristics in 91 patients
Characteristic Data
Sex
Male 47 (52%)
Female 44 (48%)
Age (year)
Mean + SD (range) 56+12 (23-79)
BMI (kg/m?)
Mean =+ SD (range) 29.6+£5.9 (17-45)
<25 20 (22%)
>25and <30 26 (28%)
>30 and <40 41 (45%)
> 40 4.(5%)
Other medical conditions
Diabetes 26 (28%)
Hypertension 35 (38%)

Laboratory tests: mean + SD (range)

AST (U/L) 57.8455.1 (14-319)
ALT (UL) 77.4+77.8 (13-473)
GGT (UL) 79.9+£96.0 (11-464)

Platelet count (x 10%/L)

Total bilirubin (1mol/L)

Prothrombin time (%)

Alkaline phosphatase (U/L)

Albumin (g/L)

Cholesterol (mmol/L)
Biopsy length (mm)

Mean + SD (range)

Inflammation grade

205.6 £68.4 (78-383)
12.8+5.4 (4.5-29.0)
100.1 +£8.2 (83-120)
82.0+46.2 (29-344)
40.9+6.0 31-79)
4.6+1.0(2.9-7.6)

20.2+6.1 (10-30)

0 (none, no foci) 8 (9%)
1 (negligible, < 2 foci per 20x field) 46 (50%)
2 (moderate, 2—4 foci per 20x field) 28 (31%)
3 (severe, > 4 foci per 20x field) 9 (10%)
Fibrosis stage
0 (none) 14 (15%)
1 (perisinusoidal or periportal) 15 (17%)
2 (periportal and presence of septa) 23 (25%)
3 (numerous septa without cirrhosis) 16 (18%)
4 (cirrhosis) 23 (25%)
Steatosis grade
0 (< 5% hepatocytes involved) 33 (36%)
1 (5-33% hepatocytes involved) 25 (27%)
2 (33-66% hepatocytes involved) 15 (17%)
3 (> 66% hepatocytes involved) 18 20%)

SD standard deviation, BMI body mass index, AST aspartate aminotrans-
ferase, ALT alanine aminotransferase, GGT gamma-glutamyl
transpeptidase

and PDFF measurements were significantly correlated with

histopathological steatosis grades (p=—10.34, p<0.001; p=
—0.25, p=0.010; and p=0.88, p <0.0001; respectively).

@ Springer
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Fig. 2 Flowchart of patient Excluded
selection 218 eligible + Refusal n=_37
» Language barrier n=4
+ Cancellations n=6
» Deceased n=>5
* Unreachable n=14
114 enrolled * Miscellaneous n=238
Excluded a posteriori
» Biopsy cancelled n=38
* Missing DWI n=7
91 included * Claustrophobia n=2
HBV n=3 Other cause of CLD on liver biopsy:
HCV n=20 « Ethanol n=2
NAFLD =5 » Cholestasis n=1
NASH n=42 * Drug-induced hepatitis n=1
AlH n=14 » Sarcoidosis n=1
Mixed causes n=7 » Cryptogenic cirrhosis n=1

A multiple regression analysis including inflammation, fi-
brosis, and steatosis grades was performed to assess which
histopathological feature was most associated with £ In the
multiple regression model, the correlation between f and in-
flammation remained (p < 0.0001), while the correlation with
fibrosis decreased (p =0.002), and the correlation with
steatosis lost significance (p = 0.075) as reported in Table 3.
Representative f maps in patients with different inflammation
grades are shown in Fig. 4.

Grading comparison

Post hoc tests revealed that /' values were significantly differ-
ent between dichotomized groups of inflammation grades 0
vs. 1,1vs.2,and 2 vs. 3 (p<0.01). D, D*, and ADC were not
significantly different between any dichotomized groups of
inflammation grades.

Diagnostic performance

Estimates of diagnostic performance of IVIM parameters and
ADC for grading inflammation are shown in Table 4. For £,
AUC was 0.84 (95% CI: 0.74-0.96) to distinguish inflamma-
tion grades 0 vs. > 1, 0.88 (0.82—0.95) for <1 vs.>2, and 0.86
(0.78-0.96) for <2 vs. 3 (Table 4, Fig. 5). AUC of D was 0.53
(0.33-0.71) to distinguish inflammation grades 0 vs. > 1, 0.57
(0.45-0.69) for <1 vs. >2, and 0.54 (0.31-0.77) for <2 vs. 3.
AUC of D*was 0.70 (0.51-0.90) to distinguish inflammation
grades 0 vs. > 1, 0.60 (0.46—0.70) for <1 vs. >2, and 0.65
(0.43-0.85) for <2 vs. 3.

Parameter f provided higher AUCs than D for
distinguishing inflammation grades 0 vs. >1 (0.84 vs. 0.53,
<0.001),<1vs.>2(0.88vs.0.57,p<0.0001),and <2 vs. 3
(0.86 vs. 0.54, p <0.001). Even if D* values were also signif-
icantly correlated with inflammation grades, fprovided higher

@ Springer

AUCs than D* for distinguishing inflammation grades 0 vs. >
1 (0.84 vs. 0.70, p=0.009), <1 vs. 22 (0.838 vs. 0.60,
p<0.0001), and <2 vs. 3 (0.86 vs. 0.65, p =0.007).

Subgroup analysis

To further assess the impact of fibrosis and inflammation on
f, differences in f across fibrosis stages when separating
groups with none to negligible inflammation (0—1) from mod-
erate to severe inflammation (2-3) were explored and are
shown in Fig. 6. Post hoc tests showed significant differences
between paired groups of low inflammation and more ad-
vanced inflammation in patients with fibrosis stages FO, F1,
and F4 (p<0.01). ROC curves of f for staging liver fibrosis
and for grading inflammation grades in each subgroup are
shown in Supplemental Figure 1.

When separating subgroups of inflammatory (i.e., HBV,
HCV, or AIH) and fatty liver diseases (i.e., NAFLD or
NASH), f'still correlated with inflammation grade in each
subgroup (p=—0.62 and p=—0.48, respectively,
p<0.0001).

On average, patients with inflammatory liver disease had
consistently lower f within a same inflammation grade and
PDFF within a same steatosis grade than patients with fatty
liver disease as shown in Fig. 6. However, post hoc tests
revealed no significant f difference between paired groups of
inflammation grades when separating the two disease sub-
groups. Only PDFF values were significantly different be-
tween subgroups for patients with steatosis grade 3 (p <0.01).

Discussion

This retrospective clinical study evaluated IVIM parameters
as biomarkers of inflammation by using histopathology as the
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Table2  Average IVIM parameters and ADC in patients with different histopathological feature grades

Perfusion fraction

True diffusion coefficient

Pseudo-diffusion coefficient Apparent diffusion coefficient

) (D, 1073 mm?%/s) (D*, 10> mm?/s) (ADC, 10> mm?%/s)
Inflammation grade 0 0.29+0.02 0.95+0.12 69.3+14.1 0.96+0.10

0.28 (0.27-0.29) 0.92 (0.90-1.04) 69.0 (57.6-78.6) 0.96 (0.89-1.01)

0.27+0.03 0.95+0.17 60.1+14.8 0.97+0.16

0.27 (0.25-0.28) 0.94 (0.82-1.10) 60.5 (57.6-68.6) 0.99 (0.83-1.10)

0.23+0.02 0.99+0.17 582+12.1 1.01+0.16

0.23 (0.22-0.26) 0.99 (0.84-1.08) 58.8 (52.4-64.3) 1.01 (0.89-1.07)

0.21+0.02 1.04+0.30 54.1+13.4 1.06+0.28

0.21 (0.20-0.23) 1.00 (0.83-1.11) 51.0 (46.9-60.8) 0.99 (0.89-1.11)
Steatosis grade 0.24+0.03 1.05+0.20 57.6+13.6 1.07+0.19

0.23 (0.22-0.26) 1.03 (0.92-1.17) 58.3 (47.1-64.3) 1.04 (0.95-1.18)

0.26+0.03 0.92£0.15 61.9+152 0.93+0.14

0.26 (0.24-0.28) 0.91 (0.81-1.04) 61.7 (52.3-68.9) 0.95 (0.80-1.05)

0.26+0.04 0.98+0.14 61.8+14.9 1.00+0.13

0.26 (0.23-0.28) 0.96 (0.89-1.07) 57.3 (52.6-69.8) 1.00 (0.89-1.06)

0.27+0.02 0.90£0.16 58.8+12.7 0.93+0.16

0.27 (0.26-0.27) 0.88 (0.78-1.04) 59.6 (52.6-65.0) 0.94 (0.81-1.04)
Fibrosis stage 0.28+0.03 1.00+0.17 59.7+158 1.01£0.18

0.28 (0.26-0.30) 1.02 (0.85-1.11) 58.5 (50.7-66.4) 1.03 (0.84-1.11)

0.26+0.03 1.04+0.17 58.9+15.1 1.05+0.15

0.27 (0.24-0.28) 1.09 (0.90-1.12) 55.5 (45.9-72.3) 1.07 (0.98-1.15)

0.26+0.02 0.95+0.17 6434152 0.98+0.16

0.26 (0.24-0.28) 0.93 (0.83-1.06) 62.3 (56.3-71.3) 0.99 (0.86-1.07)

0.26+0.03 0.92+0.17 58.9+12.7 0.94+0.18

0.26 (0.25-0.27) 0.93 (0.79-1.03) 57.5 (51.0-66.0) 0.95 (0.79-1.06)

0.22+0.03 0.98+0.20 56.4+11.7 0.99+0.18

0.22 (0.21-0.25) 0.94 (0.86-1.02) 56.4 (49.0-61.2) 0.97 (0.89-1.04)

Data are shown as mean =+ standard deviation, median (interquartile range)

reference standard. We found that the inter-reader agreement
was very good for perfusion fraction f'and true diffusion co-
efficient D, and excellent for pseudo-diffusion coefficient D*
and ADC. The perfusion fraction f correlated strongly with
inflammation grade, even when accounting for steatosis and
fibrosis. Parameters D and D* were very weakly and weakly
correlated with inflammation grade, respectively. The corre-
lation between steatosis grade and IVIM parameters or ADC
was either weak or negligible. Furthermore, f differed signif-
icantly between all dichotomized inflammation grades and
provided good classification accuracy to distinguish them.
Finally, within each inflammation grade, f'did not significant-
ly differ between patients with NAFLD spectrum and inflam-
matory diseases. The only difference between disease catego-
ries was higher PDFF observed among patients with steatosis
grade 3 in those with NAFLD spectrum compared to those
with inflammatory diseases.

We found that f decreased with higher inflamma-

tion grades. Le Bihan and Turner considered that f

and D* reflected the microvascular physiology [36].
At the microvascular level, recruitment and infiltra-
tion of inflammatory cells cause tissue congestion
and a subsequent restriction of water molecule

diffusion. This inflammation is associated with de-
creased blood outflow and decreased perfusion up-
stream leading to congestion and edema. Hence,
inflammation-mediated congestion occurring in arteri-
oles, capillaries, and venules may lead to impaired
capillary perfusion, as shown by decreased f measure-
ments [37].

However, there are still knowledge gaps in the relationship
between [VIM parameters and perfusion changes at the capil-
lary level [26]. Patel et al suggested that [IVIM parameters are
not reflective of perfusion parameters as evaluated by dynam-
ic contrast-enhanced MRI and may instead reflect liver paren-
chymal effects not assessed by the classic understanding of
perfusion [38]. Under this model, the parenchymal extravasa-
tion of fluid and inflammatory cells may explain the decrease
in fand D* found in our study.

Our reported IVIM parameters were similar to those found
by Barbieri et al who compared fitting methods in healthy
patients [39] but were lower than those found by Franca
et al using IVIM DWTI in patients with CLD [13]. For ADC
and f, Franca et al previously found AUCs ranging from 0.670
to 0.749 for dichotomizations between fibrosis stages or in-
flammation grades. Prior IVIM DWI studies in patients with
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Table 3

Correlation of IVIM DWI and MRI PDFF parameters with histopathological features of liver disease. The strongest correlations were
observed between perfusion fractions vs. inflammation grades and fat fractions vs. steatosis grades

Univariate analysis

Multiple regression analysis

Estimated p value  Estimated Standardized estimated Standard p value  Adjusted
Spearman’s p regression regression coefficients error R’
coefficients
Perfusion fraction (f) Inflammation —0.70 <0.0001 —0.022 -0.536 0.003 <0.0001 0.49
Fibrosis —0.46 <0.0001 —0.006 —0.263 0.002 0.002
Steatosis 0.35 0.001 0.004 0.133 0.002 0.075
True diffusion Inflammation  0.103 0.33
coefficient (D) Fibrosis -0.15 0.15
Steatosis -0.34 <0.001
Pseudo-diffusion Inflammation —0.27 0.010
coefficient (D*)  Fiprosis -0.14 0.19
Steatosis 0.07 0.51
Apparent diffusion Inflammation ~ 0.10 0.35
coefficient (ADC)  Fiprosis -0.16 0.14
Steatosis -0.25 0.010
Proton density fat Inflammation —0.24 0.020
fraction (PDFF)  Fiprosis -0.20 0.054
Steatosis 0.88 <0.0001

CLD focused on staging of liver fibrosis rather than grading of
inflammation [7, 12, 13]. However, in an animal model of
NASH, a recent study by Xie et al reported an AUC of 0.73
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Fig. 3 Box and whisker plots of IVIM parameters—f (a), D (b), and D*
(¢)—vs. inflammation grades and of index tests (d—f) significantly
correlated with other histopathological features (as assessed with

Fibrosis stage

Steatosis grade

Spearman’s p rank correlation with p <0.01 and omnibus Kruskal-
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for distinguishing advanced inflammation from lower grades
with f[20]. In our cohort of patients with CLD, we report for
the first time high AUCs, ranging from 0.84 to 0.88, for
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Wallis test with p < 0.01). Medians are represented by orange lines, boxes
indicate first and third quartiles, whiskers indicate minimum and maxi-
mum values, and red crosses are outliers
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Fig. 4 Representative perfusion fraction maps in patients with different inflammation grades. Patients with inflammation grades 0, 1, 2, and 3 had

perfusion fractions of 0.315, 0.310, 0.255, and 0.213, respectively

distinguishing dichotomized groups of inflammation grades
suggesting that / may be used as a surrogate biomarker of
inflammation. As in prior reports, we did not find that other
IVIM parameters (D or D*) could accurately classify inflam-
mation grades.

The higher classification performance achieved in our
study may be explained by the use of a fit quality-driven
approach in contrast to prior studies that have mainly relied
on arbitrary ROI measurements. The rationale for discarding
voxels with f'higher than 0.5 was to select perfusion changes
at the parenchymal level, since voxels with higher f'are more
likely to be located in vessels or bile ducts which are difficult
to distinguish from microcapillary perfusion [26]. Our analy-
sis of a subgroup of patients who underwent manual segmen-
tation of vessels showed good to excellent agreement with the
original cohort, which supports our method for voxel
selection.

Another contributor was our choice of a stringent regres-
sion success criterion (NRMSE smaller than 0.05). This likely
eliminated voxels in which inconsistent diffusion or perfusion

behavior could occur across b-values due to respiratory or
cardiac motion and subject to greater errors, therefore con-
founding parenchymal DWI signals. In a previous study, the
use of a NRMSE criterion to fit the IVIM model was shown to
retain voxels with higher signal-to-noise ratio [39]. This ap-
proach excluded voxels subject to noise and motion artifacts.
Hence, using the two proposed criteria for selecting parenchy-
mal voxels may have increased the reliability of IVIM param-
eters and improved the classification accuracy of f for grading
inflammation.

In our study, falso differed between lower and higher in-
flammation grades in fibrosis stages FO, F1, and F4. This
suggests that inflammation may have been a confounding fac-
tor in previously reported associations between fibrosis and f-
However, fibrous connective tissue development within the
extracellular space is linked to the progression of inflammato-
ry activity [40]. Separating the restricted perfusion induced by
the presence of extracellular matrix and collagen in fibrosis
from the impaired capillary perfusion in inflammation might
not be feasible solely by analyzing DWI signal variations.

Table 4 Summary of the diagnostic performance of IVIM parameters and ADC for grading histology-determined inflammation grades (95% confi-

dence intervals in parentheses)

Inflammation AUC Threshold Sensitivity ~ Specificity =~ Accuracy PPV (%) NPV (%)
grades (%) (%) (%)
Perfusion fraction 0vs.>1 0.84 (0.74-0.96) 0275  88(63-100) 82 (74-90) 82 (75-90) 32(22-47) 99 (96-100)
N <1vs.>2 0.88 (0.82-0.95) 0256  77(66-89)  85(72-95) 81 (72-88) 88 (78-95) 74 (64-84)
<2vs. 3 0.86 (0.78-0.96) 0242 76 (66-84) 89 (67-100) 77 (68-86) 98 (95-100) 30 (21-40)
True diffusion coefficient 0 vs. > 1 053 (033-0.71) 0932  21(12-32)  97(92-70) 59 (49-69) 13 (7-20) 94 (89-100)
(D, 107 mm?/s) <1vs.>2 0.57 (0.45-0.69) 0.989 59 (45-72) 53 (38-67) 56 (46-66) 63 (54-73) 48 (37-59)
<2vs.>3 0.54(031-0.77) 1.085 74 (64-83) 44 (12-77)  72(62-79) 93 (88-97) 16 (5-27)
Pseudo-diffusion 0vs.>1 0.70 (0.51-0.90) 68.1 65(20-100) 81 (71-89) 79 (69-87) 24 (9-50) 96 (89-100)
?g‘fﬁféégtmmz/s) <1vs.>2 0.60 (0.47-0.71) 68.0  32(20-46) 90 (76-97) 59 (48-68) 81(58-94) 49 (37-60)
’ <2vs.3 0.65 (0.43-0.85) 52.5 75 (64-83) 67 (30-100) 73 (63-82) 95 (88-100) 24 (10-41)
Apparent diffusion Ovs.>1 056 (039-0.72) 0806  38(13-75) 62(52-72) 59(50-69) 10(2-17) 91 (87-96)
coefﬁcieng N <lvs.>2 0.56 (0.44-0.68) 1.003 55 (42-68) 58 (42-74) 56 (45-66) 64 (54-74) 48 (38-58)
(ADC, 107 mms) - ) v6.3 054 (033-0.75) 1.054 74 (65-84) 34 (11-67)  70(60-79) 91 (87-96) 13 (4-25)

Data in parentheses are raw. AUC area under the ROC curve, PPV positive predictive value, NPV negative predictive value
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Fig. 5 Receiver operating characteristic curves of perfusion fractions for
distinguishing dichotomized groups of inflammation grades

Additional findings were the higher f and PDFF
values found in patients on the NAFLD spectrum
compared to those with inflammatory etiologies of
CLD. Considering that fat accumulation is a hallmark
feature of NAFLD and NASH, the higher PDFF seen
in NAFLD spectrum was expected [41]. Interestingly,
this difference between stratified subgroups of CLD
was not significant for f suggesting that similar perfu-
sion changes might be observed in both liver disease
subtypes.

Our study had limitations. Patients with a variety of
CLD were included. Recent studies tend to produce
disease-specific thresholds in homogeneous patient pop-
ulations. However, the variety of etiologies in our

population allowed for assessing differences of IVIM
parameters and PDFF across well-defined groups of
CLD. The heterogeneity of this cohort also impacted
the grading of histopathological features, since two his-
topathological scoring systems were used. By merging
these systems, it was assumed that features of liver dis-
ease in patients with NAFLD or NASH were similar to
those of inflammatory hepatitis from viral or autoim-
mune causes. However, considering the sufficiently
large sample size, we were able to compare differences
in IVIM parameters in the two subgroups of CLD.
Regarding the contribution of fat to DWI signals, this
was not accounted for during post-processing before ap-
plying regression to the IVIM model. However, gradient
reversal and spectral presaturation (SPIR) fat suppres-
sion sequences were applied prior to the acquisition of
DWI series, which reduce the confounding effect of fat
[42].

In conclusion, this retrospective, cross-sectional ancil-
lary study in patients with CLD revealed that perfusion
fraction (f) was the only IVIM parameter that de-
creased with inflammation and provided moderate to
good diagnostic performance for grading inflammation.
The correlation between inflammation and f was con-
founded by the presence of fibrosis. In subgroups of
liver disease with inflammatory or fatty causes, f did
not significantly differ within any inflammation grades,
while PDFF within advanced steatosis grade was higher
in patients with NAFLD than in those with inflammato-
ry liver diseases. Prospective studies assessing IVIM
DWI sequences may provide information on inflamma-
tory activity and complement the use of MR
elastography for staging liver fibrosis and PDFF for
grading liver steatosis. Validation studies in cohorts of
patients with specific causes of CLD will be required to
develop a noninvasive one-stop-shop alternative to liver
biopsy.
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Fig. 6 Box and whisker plots of perfusion fractions across fibrosis stages
(a) in dichotomized groups of patients with lower grades (0-1) from
higher grades (2-3) of inflammation, perfusion fractions (b) across
inflammation grades, and proton density fat fractions (¢) across steatosis
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grades in dichotomized groups of patients with inflammatory liver
disease (HBV, HCV, or AIH) and in patients with fatty liver disease
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