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Abstract

Purpose To assess the diagnostic value of multiparametric magnetic resonance imaging (MRI) including dynamic Gd-EOB-

DTPA-enhanced (DCE) and diffusion-weighted (DW) imaging for diagnosis and staging of hepatic fibrosis in primary sclerosing

cholangitis (PSC) using transient elastography as a standard reference.

Material and methods Multiparametric MRI was prospectively performed on a 3.0-Tesla scanner in 47 patients (age 43.9+14.3

years). Transient elastography derived liver stiffness measurements (LSM), DCE-MRI derived parameters (hepatocellular uptake

rate (Ki), arterial (Fa), portal venous (Fv) and total (Ft) blood flow, mean transit time (MTT), and extracellular volume (Ve)) and

the apparent diffusion coefficient (ADC) were calculated. Correlation and univariate analysis of variance with post hoc pairwise

comparison were applied to test for differences between LSM derived fibrosis stages (FO/F1, F2/3, F4). ROC curve analysis was

used as a performance measure.

Results Both ADC and Ki correlated significantly with LSM (r=-0.614; p<0.001 and r=-0.368; p=0.01). The ADC significantly

discriminated fibrosis stages F0/1 from F2/3 and F4 (p<0.001). Discrimination of FO/1 from F2/3 and F4 reached a sensitivity/

specificity of 0.917/0.821 and 0.8/0.929, respectively. Despite significant inter-subject effect for classification of fibrosis stages,

post hoc pairwise comparison was not significant for Ki (p>0.096 for F0/1 from F2/3 and F4). LSM, ADC and Ki were

significantly associated with serum-based liver functional tests, disease duration and spleen volume.

Conclusion DW-MRI provides a higher diagnostic performance for detection of hepatic fibrosis and cirrhosis in PSC patients in

comparison to Gd-EOB-DTPA-enhanced DCE-MRI.

Key Points

* Both ADC and hepatocellular uptake rate (Ki) correlate significantly with liver stiffness (= -0.614; p<0.001 and r= -0.368;
p=0.01).

* The DCE-imaging derived quantitative parameter hepatocellular uptake rate (Ki) fails to discriminate pairwise intergroup
differences of hepatic fibrosis (p>0.09).

* DWI is preferable to DCE-imaging for discrimination of fibrosis stages F0/I to F2/3 (p<0.001) and F4 (p<0.001).

Keywords Magnetic resonance imaging - Primary sclerosing cholangitis - Liver fibrosis - Diffusion magnetic resonance imaging -
Gadolinium ethoxybenzyl DTPA
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Abbreviations

ADC Apparent diffusion coefficient
ALT Alanine amino transferase
AP Alkaline phosphatase

AST Aspartate amino transferase

DCE Dynamic contrast-enhanced

DWI Diffusion-weighted imaging

EASL European Association for the Study of the
Liver

Fa Arterial flow

Fi Hepatic uptake fraction

FOV Field-of-view

Fv Portal venous flow

Gd-EOB- Gadolinium ethoxybenzyl diethylenetriamine

DTPA pentaacetic acid

GFR Glomerular filtration rate

GGT Gamma-glutamyl-transferase

IgG Immunoglobulin G

Ki Hepatocellular uptake rate

LSM Liver stiffness measurements

METAVIR  Meta-analysis of histological data in viral
hepatitis

MRI Magnetic resonance imaging

MTT Mean transit time

NEX Number of excitations

PSC Primary sclerosing cholangitis

ROC Receiver operating characteristic

ROI Region of interest

SD Standard deviation

SPIR Spectral inversion recovery

TE Echo time

TR Repetition time

TSE Turbo spin echo

Ve Extracellular volume

Introduction

Primary sclerosing cholangitis (PSC) is a chronic inflamma-
tory liver disease characterised by progressive periductal fi-
brosis of the intra- and extrahepatic bile ducts, ultimately lead-
ing to biliary fibrosis, cirrhosis and hepatic failure [1, 2].
Recently, imaging modalities such as ultrasound transient
elastography, diffusion-weighted MRI (DW-MRI) and dy-
namic contrast-enhanced MRI (DCE-MRI) have been applied
for detection of hepatic fibrosis. Large cohort studies con-
firmed a high diagnostic performance of transient
elastography for detection of liver fibrosis and cirrhosis in
chronic liver disease [3—5], and transient elastography-
derived liver stiffness measurements (LSM) have been
categorised and validated according to the METAVIR [6]-de-
rived scoring system [4]. In PSC patients, LSM-derived cut-
off values for staging of fibrosis have been recently assessed

by Corpechot et al [7], and these results were later validated in
a larger cohort [8].

MR-DWI has been verified as another option for detection
of fibrosis, especially in its moderate to advanced stages
[9-11]. However, the apparent diffusion coefficient (ADC)
may be affected by perfusion effects, liver inflammation,
steatosis and iron overload [12].

A functional approach to liver fibrosis provides DCE-MRI,
which has shown promising results to quantify hepatic fibrosis
and cirrhosis either using extracellular [13—15] or hepatocyte-
specific [16—18] contrast agents in patients and murine
models. Above that, the dual-input two-compartment pharma-
cokinetic model presented by Sourbron et al [19] not only
allows the quantification of parameters presenting hepatic
blood flow, but also the hepatocellular uptake rate (Ki). Ki
has been recently proposed as a potential biomarker of hepatic
fibrosis, because this parameter not only correlates to fibrosis
stage, but also distinguishes severe from non-severe fibrosis in
subjects with chronic hepatitis [17].

So far, the diagnostic accuracy DW-MRI and DCE-MRI
has not been compared in PSC patients. The aim of this pro-
spective cross-sectional single-centre study was to assess the
diagnostic performance of DW-MRI and DCE-MRI in PSC
livers using multiparametric MRI and transient elastography
derived LSM as standard reference.

Methods
Patients

Data of 47 consecutive patients (male:female 31:16 mean age
43.9+14.3 years) with diagnosed PSC according to EASL
guidelines were prospectively collected between August
2014 and December 2015. In this Institutional Review
Board-approved study, informed consent was obtained from
all patients prior to the MRI examination. Patients with previ-
ous liver surgery, limited renal function (GFR < 30 ml/min/
1.73 m?) or other contraindications were excluded. Patients’
demographic data are summarised in Table 1. Serum-based
liver function tests (LFTs) (alkaline phosphatase (AP), alanine
amino transferase (ALT), aspartate amino transferase (AST),
gamma-glutamyl-transferase (GGT)), immunoglobulin G
(IgG), platelets, bilirubin and albumin from each patient’s last
visit closest to the MRI examination [mean (standard devia-
tion); 52.6 (65.5) days] were documented from medical
records.

MR imaging
Multiparametric MRI was performed on a 3.0-Tesla scanner

(Ingenia, Philips Medical Systems, Best, The Netherlands)
equipped with a 24-channel body coil. First axial T2-
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Table 1  Patients demographics separated by transient elastography
derived stages of hepatic fibrosis

Fibrosis stage

Overall (N=47) F1/0 (N=28) F2/3 (N=14) F4 (N=5)

Gender N (%)
Female 16 (34) 9(32.1) 6(42.9) 2 (40)
Male 31 (66) 19 (67.9) 8(57.1) 3 (60)

Mean =+ standard deviation

Age (years) 43.9+ 143 4154138 50.8+154 40.0+10.1

weighted imaging for anatomical orientation was performed
over the epigastric region. For DCE-imaging a Dixon fat-
suppressed T1-weighted three-dimensional (3D) FFE (TR/
TE1/TE2/FA 3.9 ms/1.15 ms/2.3 ms/20°, field of view
(FOV) 400 x 300 x 175 mm (RL/AP/FH), 70 slices, slice
thickness 3 mm with slice oversampling factor of 1.6 and
SENSE factor 5) with 140 scans covering the whole liver,
was performed. Six volumes were imaged pre-contrast for
baseline calculations, followed by 134 volumes with a
step-wise increase in sampling intervals 3 s after intrave-
nous administration of 0.1 ml/kg Gd-EOB-DTPA 0.25
mmol/ml (Primovist; Bayer) at an infusion rate of 2 ml/s
followed immediately by a bolus of 20 ml saline (NaCl
0.9%) using a power injector (Spectris MR injector
System, Medrad). The volumes were imaged with a nav-
igated respiratory compensation over a time period of 12
min (actual scan time 7 min). To ensure steady-state T1
weighting in the centre of the k-space, the k-space order
was outside-to-centre, and the sequence was preceded by a
non-volume-selective saturation pulse, which helps to reach
steady state over a large range of T1 values (50-2,000 ms)
within the first 200 ms of the sequence, avoiding inflow-
effects and also avoiding signal variations due to irregular
respiratory intervals.

DW-MRI

Based on the T2-weighted images a transverse, respiratory-
gated single-shot spin-echo echo planar imaging sequence
(SS-SE EPI) was generated covering the whole liver (TR
1,985 ms; TE 69 ms; FOV 400 x 400 mm; voxel size 1.79 x
1.79 x 3.0 mm; slice thickness 5.0 mm; intersection gap 0 mm;
consecutive b-factors of 0, 50, 100, 200, 400, 800 s/mm?;
average 35 slices; and number of excitations (NEX) 2). The
scan duration was approximately 5 min. Fat suppression was
performed using spectral inversion recovery (SPIR). For
ADC-map calculation, a starting b-value of 50 s/mm” was
used to suppress the contribution of the vascular signal. The
diffusion weighting was performed with a trace weighted se-
quence type (three orthogonal directions).
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Transient elastography

Hepatic fibrosis was diagnosed using transient elastography
(Fibroscan, EchoSens) as reported previously [20]. Fibroscan
was performed within an interval of +7 months (mean (standard
deviation) 91.4 (72.4) days) to MRI. The target area of the right
liver lobe was determined by ultrasonography to be 6 cm deep
without major vascular structures. LSM cut-off values for dis-
crimination of fibrosis stages were used according to Corpechot
et al [7] with absent or mild fibrosis (F0/1; stiffness < 8.5 kPa);
significant to severe fibrosis (F2/3; stiffness >8.6 kPa to
< 14.3 kPa); and cirrhosis (F4; stiffness >14.4 kPa).

DCE-MRI post-processing

Image analysis was performed by two radiologists with 4 years
and 5 years of experience in abdominal MRI blinded to pa-
tients’ data. Arterial and venous inputs were defined by regions
of interest (ROIs) placed over the suprarenal aorta and the intra-
and extrahepatic portal vein, respectively (Fig. 1a,b). To avoid
residual inflow effects in the aorta, the arterial input was mea-
sured in the lower third of the transversal 3D volume, where the
blood has travelled at least 10 cm through the imaging volume,
corresponding to 100 ms presuming a maximum blood flow of
100 cm/s, which corresponds to the time in which steady state
is reached (see Methods section). Three ROIs were then located
in liver segments according to areas analysed by transient
elastography (liver segments V/VI) (Fig. 1c). Signal intensity
changes from each ROI were fitted to a dual-input, two-
compartment uptake model [19] using an in-house software
written in MATLABVR (Mathworks). Primarily derived
DCE-MRI parameters Ki (/100 min), extracellular volume
(Ve; ml/100 ml), portal venous flow (Fv; ml/min/100 ml),
and arterial flow (Fa; ml/min/100 ml) were used to calculate
the parameters: total blood flow (Ft (ml/min/100 ml) = Fa + Fv),
extracellular mean transit time (MTT (sec) = Ve / (Fa + Fv + Ki)),
and hepatic uptake fraction (Fi (%) = Ki / (Fa + Fv + Ki)).

DW-MRI post-processing

ADC maps were generated using custom MR software
(Philips Medical Systems) on the base of a voxel-wise cal-
culation interpolated to a 256 x 256 mm® matrix. The two
raters reviewed the images and measured liver ADC values
by drawing three ROIs (mean size 173 mm?, range 121-237
mm?) in areas corresponding to transient elastography and
DCE-MRI as exemplified in Fig. 2. Vessels and lesions were
excluded.

MR imaging parameters

Conventional MR imaging parameters, which are frequently
associated with portal hypertension, such as collateral
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Fig. 1 Examples of region of interest (ROI) placement for arterial (red)
and portal venous (green) output function and DCE quantitative param-
eters of function on the liver parenchyma (yellow) on axial (a, ¢) dynamic

circulation, ascites and oesophageal varices were graded using
a nominal scale by two radiologists in consensus. The spleen
volume was calculated with OsiriX software (OsiriX Lite v.9.0)
on T2-weighted axial image sets with a slice thickness of 3 mm.

Statistics

Continuous data are presented as mean and standard deviation.
D’Agostino-Pearson omnibus test was applied to test for nor-
mal distribution. Pearson’s correlation and Bland-Altman anal-
ysis were used to assess inter-rater reliability with respect to
quantitative ADC and DCE parameters. The criteria of Portney
and Watkins [21] were used to judge the strength of the corre-
lation coefficients as follows: little to no relationship (< 0.25),
fair degree of relationship (r= 0.26-0.50), moderate-to-good
relationship (r= 0.51-0.75) and good-to-excellent relationship
(> 0.76). ADC and DCE parameters were analysed for corre-
lation with LSM, spleen size, LFTs and MR imaging findings
using Pearson’s correlation or logistic regression models in
case of nominal scaling. Partial correlation analysis corrected
for potential effects of age and gender. Univariate analysis of

contrast-enhanced fat-saturated T1-weighted images with orientation on
coronal (b) contrast enhanced image (late phase, 20 min after intravenous
contrast agent injection)

variance was used to test ADC and DCE parameters for differ-
ences between the fibrosis stages (F0/1, F2/3, F4). In case of a
significant inter-subject effect on the classification of a fibrosis
stage, the Scheffé or the Tamhane post hoc test (according to
the result of the Levene test of homogeneity of variances) was
applied for pairwise comparison of fibrosis stages. These tests
are deliberately conservative to reduce the probability of too
many significant differences arising by chance. Receiver oper-
ating characteristic (ROC) curve analysis evaluated the diag-
nostic accuracy of ADC and Ki for discrimination of FO/1 from
F2/3 and F4 and the Youden-Index determined the optimal cut-
off values. All statistical analyses were performed with IBM
SPSS 24 (Armonk, NY, USA).

Results
Inter-rater reliability

Inter-rater reliability with respect to all quantitative DW-MRI-
and DCE-MRI-derived parameters Ki and Ve was excellent.

Fig.2 Axial DWI images and ADC-map of two PSC patients. Left to right: T2-weighted image, DWI b=0; b=800; and ADC-map including example of
region-of-interest. Upper row: 34-year-old female patient fibrosis stage F0/1; lower row: 35-year-old male patients fibrosis stage F4

@ Springer
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The inter-rater reliability of Fv and Fa was good to moderate.
For all data, no systematic offset (according to paired t-test)
was detected. Details are summarised in Table 2 and Fig. 3.

Transient elastography-derived LSM and stages
of fibrosis

Patients were subcategorised according to transient
elastography-derived stages of fibrosis proposed by
Corpechot et al [7]: FO/1: (N= 28); F2/3: (N= 14); and F4:
(N=15). LSM correlated with disease duration, AST, GGT, AP,
IgG, platelets, albumin and spleen volume (see Online
Supplementary Material, Table 1). No association of LSM
and imaging parameters of portal hypertension (ascites, oe-
sophageal varices, collateral circulation) was observed.

Correlation of ADC with LSM

ADC values according to fibrosis stage are included in
Table 3. The ADC correlated significantly with LSM (r=
-0.614; p<0.001). Post hoc comparison testing showed
significant differences in discrimination of: FO/1 from
F2/3 (p<0.001) and F4 (p<0.001). No statistical signifi-
cance was achieved for discrimination of F2/3 to F4
(p=0.95) (Table 4).

Correlation of DCE-MRI with LSM

Figure 4 gives an example of different signal intensities
obtained on DCE maximum intensity projection images
(MIP) in patients staged FO/1 and F3. As exemplified in
Fig. 4, the overall signal intensity of FO/1 liver parenchyma
was higher compared to F3. However, we did not observe
significant associations of LSM with Fa, Fv, Ft and MTT
(p=0.24). Out of all parameters analysed, Ki (r= -0.368;
p=0.01) and Fi (r=-0.342; p=0.02) significantly correlated
with LSM and with ADC (r= 0.4; p=0.006; r= 0.38; p=
0.012, respectively) (Table 3). This effect was stable con-
sidering potential effects of age and gender. Despite signif-
icant inter-subject effects, Ki did not achieve significant

Table2 Inter-rater reliability of diffusion-weighted imaging (DWI) and
dynamic contrast-enhanced imaging (DCE) derived quantitative parame-
ters (ADC, Ki, Ve, Fv, and Fa)

ADC Ki Ve Fv Fa

0.804
0.302

0.946
0.608

0.869
0.907

0.602
0.612

0.517
0.780

Correlation coefficient (r)

p-value

p< 0.05 statistically significant

ADC apparent diffusion coefficient (mm? /s x107), Ki hepatocellular
uptake fraction (/100/min), Ve extracellular volume (ml/100 ml), Fv portal
venous flow (ml/min/100 ml), Fa arterial flow (ml/min/100 ml)

@ Springer

discrimination of fibrosis stages on pairwise post hoc com-
parison testing (»p>0.096) (Table 4). Fi consistently corre-
lated with LSM but did not achieve significant inter-
subject effect on classification of fibrosis stages. The
boxplot in Fig. 5 gives an illustration of ADC, Ki and Fi
categorised by stages of fibrosis. Ve remained stable at
different fibrosis stages.

Receiver operating characteristic curves of ADC

ROC curve analysis of ADC as a performance measure in
discriminating F2/3 and F4 from F0/1 was performed (Fig.
6). The AUC for discrimination of F1/0 from F2/3 was
0.926 (95% confidence interval (CI) (0.847-1.0); p<0.001).
For discrimination of FO/1 from F2/3 the ADC cut-off of 1.14
mm?/s x10” achieved a sensitivity of 0.917 and a specificity
of 0.821. For discrimination of F0/1 from F4 the AUC of
ADC was 0.914 (95% CI (0.799-1.0); p=0.004). The cut-off
value of 1.09 mm?/s x10~ reached a sensitivity of 0.8 and a
specificity of 0.929. A higher sensitivity of 1.0 was achieved
at cost of a lower specificity of 0.714 using a cut-off value of
1.17 mm?/s x107.

Receiver operating characteristics curves of Ki

Based on significant inter-subject effect testing for classi-
fication of fibrosis stages (»<0.001), ROC analysis was
performed (Fig. 6). The AUC of Ki for discrimination of
FO/1 from F2/3 was 0.632 (95% CI (0.442-0.823);
p=0.179). The cut-off value of Ki= 3.55/100/min reached
a sensitivity of 0.692 and a specificity of 0.481. The AUC
for discrimination of FO/1 from F4 was 0.756 (95% CI
(0.498-1.0); p=0.073). The cut-off value of Ki= 2.55/100/
min reached a sensitivity of 0.6 and a specificity of 0.926. A
higher sensitivity of 0.8 was achieved using a cut-off value of
Ki= 3.41/100/min, however by compromising the specificity
to 0.519.

Correlation of Ki and ADC with LFTs and MR imaging
parameters

Pearson correlation of LFTs with Ki and ADC are illus-
trated in Table 5. ADC inversely correlated with AP (r=
-0.32; p=0.031), GGT (r= -0.34; p=0.021) and IgG (r= -
0.37; p=0.011). Ki inversely correlated with AST (r= -
0.30; p=0.044), AP (r= -0.30; p=0.049), GGT (r= -0.33;
p=0.027), and bilirubin (r=-0.38; p=0.01). Significant inverse
correlation was observed of spleen volumes with ADC (r= -
0.34; p=0.02) and Ki (r=-0.36; p= 0.012). MR imaging pa-
rameters were rated as follows: collateral circulation N=11,
oesophageal varices N= 2, ascites N=0 patients. Logistic re-
gression models showed no significant association with Ki
and ADC (Table 5).
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Discussion

This multiparametric study compares the diagnostic perfor-
mance of Gd-EOB-DTPA-enhanced DCE-MRI and DWI-
MRI for detection and discrimination of hepatic fibrosis in
PSC patients using transient elastography as a standard
reference.

Applying an already validated dual-input two-compartment
model, the quantitative parameter Ki correlated inversely with
LSM, but did not perform well in discriminating fibrosis
stages FO/1 to F2/3 or F4. The cut-off value of Ki= 2.55/100/
min discriminated FO/1 from F4 with a sensitivity of 0.6 and a
specificity of 0.926. A higher sensitivity of 0.8 was achieved
by lowering the specificity to 0.519 using a cut-off value of
Ki= 3.41/100/min. Fi correlated with LSM, but reached no
significant inter-subject difference for classification of
fibrosis stages. A study reporting an inverse correlation of

Ki (1100/min)

hepatic Ki with histopathological stages of fibrosis (r=-0.55;
95% CI (0.79,-0.14); p=0.01) has been published previously
by Juluru et al [22] in patients with chronic hepatitis and
controls. In contrast to our study, Fi did not correlate to liver
fibrosis, which may be explained as a result of the small sample
size (N= 22) or differences in blood flow parameters (Fv and
Fa) influenced by technical settings such as injection flow of
Gd-EOB-DTPA (1.5 ml/s vs. 2 ml/s in our study) as well as
cardiopulmonary conditions of the study group. As demon-
strated in a previous study by Ning et al [23] of patients ad-
mitted to MRI for variable liver lesions, using a dual-input
two-compartment model, Ki inversely correlated to bilirubin
levels (r = -0.52, p= 0.015). The finding that Ki is negatively
associated with bilirubin is in compliance with results of our
study. In contrast to the study cohort of Juluru et al, cholestasis
is a common finding in PSC. Following injection and uptake
via organic anion-transporting polypeptides (OATP),

Table3 ADC and quantitative DCE-MRI parameters subcategorised according to transient elastography derived stages of fibrosis F0/1, F2/3 and F4
Parameter Fibrosis Stage
Overall (N=47) Correlation with LSM p-value F1/0 (N=28) F2/3 (N=14) F4 (N=5)
r [95% confidence interval]
ADC (mm?*/s x107) 1.149 £ 0.1 -0.614 [-0.76 to -0.39] <0.001 1.207 £ 0.07 1.057 £ 0.06 1.044 £ 0.1
DCE-Parameters
Fa (ml/min/100ml) 41.35+18.2 -0.119 [-0.40 to 0.18] 0.43 40.35+21.0 4649 +11.4 3343+73
Fv (ml/min/100ml) 72.53 £29.0 0.180 [-0.12 to 0.45] 0.24 73.90 +26.6 58.57+21.9 101.42+31.4
Ft (ml/min/100ml) 113.9+29.0 0.104 [-0.20 to 0.39] 0.49 112.8 +£28.1 105.1 £21.5 134.85 +33.8
Ve (ml/100ml) 872+1.8 0.09 [-0.21 to 0.37] 0.55 8.86+1.67 8.76 £2.22 9.50+1.9
Ki (/100/min) 3.52+1.98 -0.368 [-0.60 to -0.08] 0.01 410 +2.07 2.69 £ 1.65 251 +£1.10
Art (%) 37.01 £15.6 -0.112 [-0.40 to 0.18] 0.44 3538+16.3 4537 +11.7 25.86 +7.5
Port (%) 62.99 +15.6 0.13 [-0.18 to 0.40] 0.44 64.62 +16.3 54.63 £11.7 74.14+7.6
Fi (%) 3.18+1.8 -0.342 [-0.58 to -0.05] 0.02 3.69 2.1 2.70 £ 1.6 2.0 +£1.01
MTT (sec) 79+3.0 -0.06 [-0.35 to 0.23] 0.7 835+3.6 8.48+2.8 729+1.0

Bold type indicates significant correlation (p< 0.05); parameters are shown as mean =+ standard deviation

Abbreviations: ADC, apparent diffusion coefficient; DCE, dynamic contrast-enhanced; Fa, absolute arterial blood flow; Fv, absolute portal venous blood
flow; Ft, total blood flow; Ve, extracellular volume; Ki, hepatocellular uptake rate; Art, arterial flow fraction; Port, portal venous flow fraction; Fi,
hepatocellular uptake fraction; MTT, extracellular mean transit time.
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Table 4 Post-hoc testing for

discrimination of fibrosis stages Fibrosis stage (A)  Fibrosis stage (B)  Difference mean  Standard error ~ p-value  95% confidence
(F0-4) using the apparent diffu- (A-B) interval
sion coefficient ADC
(mmz/s x1073 ) and hepatocellular ADC
uptake rate Ki (/100/min) F0/1 F2/3 0.149 0.025 <0.001 0.085 to 0.214
F4 0.162 0.036 <0.001 0.071 to 0.253
F2/3 F4 0.013 0.039 0.95 -0.214 to -0.085
Ki
FO/1 F2/3 1.414 0.634 0.096  -0.196 to 0.302
F4 1.592 0915 0.232  -0.729 to 0.391
F2/3 F4 0.179 0.99 0.984  -0.233 to 0.269

Bold type indicates significant mean difference (p < 0.05)

intracellular transport of Gd-EOB-DTPA is mediated by the
glutathione-S-transferase transport system and both bilirubin
and Gd-EOB-DTPA share a high affinity for its receptor [24].
Above that, in advanced liver cirrhosis the number of function-
ing hepatocytes is reduced together with its connected bilirubin
and Gd-EOB-DTPA pathways [25]. In line with Juluru et al
[22], the Ve remained unchanged at different stages of fibrosis.
A possible explanation could be the longer intracellular resi-
dence time of Gd-EOB-DTPA exceeding the applied DCE-MR
imaging acquisition time, so that the loss of tracer out of the
intracellular space could be assumed to be negligible [19]. A
general shortcoming of the model used by Sourbron [19] and
the present study is the presumed linearity between the contrast
agent concentration and the relative signal enhancement. This
linearity is violated towards higher concentrations (leading to
very short T1-values), in particular with Gd-EOB-DTPA,
which has a higher T1-relaxivity in plasma (6.2 L mmol's™)
compared to Gd-DTPA (3.7L mmol's™). In addition, unavoid-
able RF-field inhomogeneities at 3.0 Tesla may lead to locally
smaller RF-pulse angles, increasing this non-linearity [26].
This shortcoming could also have led to less significance of
our DCE results.

The diagnostic efficacy of DW-MRI for staging of hepatic
fibrosis has been compared in various studies to METAVIR
histopathological stages of fibrosis [27, 28], transient
elastography [29] and MR-elastography (MRE) [30, 31].
Possibly due to the increase of intrahepatic connective tissue
supposedly lowering the hepatic blood flow [32] and diffusion
capacities [33], diffusion becomes restricted in the presence of
fibrosis, which goes along with a negative correlation of the
hepatic ADC with LSM. This association is consistent and
efficient in differentiating multiple stages of fibrosis (F0/1
from F2/3 and F4). (Table 5 and Online Supplementary
Material, Table 1). Correlation between ADC, Ki, LSM re-
vealed a consistent significant association with alkaline phos-
phatase (AP), which is of great interest as this parameter was
already identified as promising surrogate to predict risk of
cholangiocarcinoma and overall disease outcome in patients
with PSC [34-36]. In addition, LSM, ADC and Ki were sig-
nificantly associated with spleen volumes, which underlines
results of previous studies where spleen volumes were corre-
lated with liver stiffness and outcome of PSC [8, 37]. LSM,
ADC and Ki were not associated with imaging parameters
frequently observed with portal hypertension, which may be

Fig. 4 Axial dynamic maximum intensity projection (MIP) of Gd-EOB-DTPA-enhanced scans. (a) Fibrosis stage F 0/1. (b) Fibrosis stage F3
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Fig. 5 Boxplot of liver apparent diffusion coefficient (ADC) (a), hepato-
cellular uptake rate (Ki) (b) and hepatocellular uptake fraction (Fi) (c)
categorised by fibrosis stage. Centreline shows the medians, boxplot

related to the small number of cirrhotic patients included into
this study.

The diagnostic superiority of transient elastography
over DW-MRI has been confirmed in previous studies
[29] and is well reflected in the strong association of
LSM with LFTs in this study. The proven validity of tran-
sient elastography is one reason behind the rationale to use
this modality as a standard reference in our study, espe-
cially as biopsies obtained in an appropriate time interval
to imaging are scarce and histopathology is not regarded
as a standard procedure for diagnosis of non-small-duct
PSC in current guidelines [38]. However, recent studies
comparing transient elastography and MRE demonstrated
a higher diagnostic performance of MRE for discriminat-
ing fibrosis in patient cohorts of variable chronic hepatic
disease [15, 39]. If these results are validated in PSC cases,
MRE could replace the here employed MRI modalities of
fibrosis staging.
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dots

Other MR modalities proposed for diagnosis of fibrosis,
which have not been evaluated in our study, are intravoxel
incoherent motion (IVIM) DW-MRI and T1 mapping. IVIM
is an upcoming extension of DW-MRI, taking into account
both the molecular diffusion and incoherent motion of water
molecules in the capillary network known as pseudo-diffu-
sion. Because accumulation of the extracellular matrix in fi-
brosis affects both true diffusion and microcirculation, IVIM
parameters pseudo-diffusion coefficient (D*), diffusion coef-
ficient (D), perfusion fraction (P) and ADC show associations
with fibrosis but seem not to have the diagnostic accuracy to
detect and stage fibrosis as a single imaging modality [14, 40,
41]. T1 mapping directly measures the T1 relaxation time by
milliseconds, which depends on the molecular environment of
water molecules in tissue. Recent studies evaluated T1 map-
ping in liver fibrosis, demonstrating that T1 relaxation times
constantly increase with severity of liver cirrhosis [42, 43].
These studies showed a diagnostic performance comparable
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Fig. 6 Receiver operating characteristic (ROC) curves of the liver apparent diffusion coefficient (ADC) (a) and hepatocellular uptake rate (Ki) (b) for

discriminating stages of fibrosis F0/1 to F2/3 and FAHER85614
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Table 5 Correlation between Ki and ADC with LFTs, spleen size and MR-imaging parameters
LFT Ki ADC

1 [95% confidence interval]* p-value 1 [95% confidence interval]* p-value
AST (U/L) -0.30 (-0.55 to -0.01) 0.044 -0.21 (-0.47 to 0.08) 0.150
ALT (U/L) -0.22 (-0.49 to 0.08) 0.139 -0.17 (-0.44 to 0.12) 0.253
GGT (UL) -0.33 (-0.57 to -0.04) 0.027 -0.34 (-0.57 to 0.06) 0.021
AP (UL) -0.30 (-0.54 to -0.001) 0.049 -0.32 (-0.55 to -0.03) 0.031
IgG (g/L) -0.15 (-0.43 t0 0.16) 0.344 -0.37 (-0.60 to -0.09) 0.011
Bil (mg/dl) -0.38 (-0.61 to -0.10) 0.010 -0.26 (-0.51 to 0.03) 0.073
Alb (g/L) 0.14 (-0.17 t0 0.42) 0.374 0.29 (-0.003 to 0.53) 0.053
TC /nl 0.24 (-0.06 to 0.50) 0.115 0.16 (-0.14 t0 0.43) 0.287
Imaging parameters 1 (95% confidence interval)* p-value 1 (95% confidence interval)* p-value

Spleen volume (cm®) -0.36 (-0.59 to -0.07) 0.012 -0.34 (-0.57 to -0.06) 0.020

OR** p-value OR** p-value
Collateral veins 0.001 0.964 0.001 0.966
Oesophageal varices 1.1 0.728 0.67 0.935

Bold type indicates significant values (p < 0.05)
*Based on Pearson correlation

**Based on binary logistic regression models

LFT liver function tests, /gG' Immunoglobulin G, AP alkaline phosphatase, AST aspartate amino transferase, ALT alanine amino transferase, GGT
gamma-glutamyltransferase, Bil bilirubin, A/b albumin, 7C thrombocytes, » Pearson coefficient, OR odds ratio

to or above ADC for discrimination of fibrosis stages in pa-
tients with variable liver disease [44] and rodent models [45].
In PSC patients a significant correlation of T1 reduction to
clinical scores of disease severity (MELD, Mayo risk score)
and LFTs has been described recently [46]. However, the di-
agnostic performance of T1 mapping for detection and staging
of fibrosis in PSC has not been evaluated so far. The delayed-
phase relative liver enhancement (RLE) of extracellular
gadolinium-based contrast agents (GBCA) has been recently
been proposed as another correlate measure of liver fibrosis in
PSC patients. Quantification of extracellular RLE is applicable
in the clinical setting where standard contrast-enhanced fol-
low-up scans are routinely performed for surveillance of ma-
lignancy and dominant biliary strictures in PSC patients. In
comparison to hepatocyte-specific DCE-MRYI, the latter tech-
nique has the advantages of time- and cost efficacy. In a pre-
vious study the delayed-phase RLE significantly discriminated
histologically derived stages of fibrosis F2 (3= 35.13;
p=0.007) and F3-4 (3= 69.24; p<0.001) from FO based on
linear regression models [47]. The association of delayed-
phase extracellular GBCA enhancement patterns and histolog-
ically derived fibrosis was further evaluated by another study
in chronic and active hepatitis [r= 0.96; 95% CI (0.941 to
0.976)] [48]. However, none of these studies has so far com-
pared extracellular delayed-phase DCE-MRI to DW-MRI.
One of the limitations of this present study is the lack of
correlation to histopathological data, although transient
elastography is well investigated and correlates with patholog-
ical results in prior studies [4, 6, 49]. For further investigation

@ Springer

the histological assessment of biopsy specimens can be per-
formed MRI-guided to be more precise and thus could be an
object of future studies. Although we do not expect major
changes of fibrosis stages within the chosen maximal time
interval of 7 months between transient elastography and
MRI, we cannot completely exclude that a more precise cor-
relation of data could have been obtained if modalities were
performed within one consultation. Another point is the study
design, which was performed at a single centre. Since this is
the first study of its kind, a multicentre study for data valida-
tion would be preferable in the future.

In conclusion, the findings of this multiparametric study
demonstrate that DW-MRI is superior to Gd-EOB-DTPA-
enhanced DCE-MRI in diagnosing and differentiating several
stages of hepatic fibrosis in PSC patients and could be a useful
non-invasive and fast add-on to current follow-up MRI proto-
cols. Nevertheless, there are several other evolving MR mo-
dalities for staging of fibrosis, such as T1 mapping, [IVIM and
MRE, which have so far not been evaluated in PSC cohorts
and could possibly outperform DCE-MRI, DW-MRI and tran-
sient elastography. A multicentre multiparametric MRI study
comparing DW-MRI, MRE, IVIM, T1 mapping and transient
elastography in comparison to histopathological results would
be the best way to generate a diagnostic standard of fibrosis
staging in PSC patients.
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