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ARTICLE INFORMATION AIM: To determine the feasibility of semi-quantitative haemodynamic parameters derived
from dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) to assess liver

Article history: fibrosis.

Received 13 August 2018 MATERIALS AND METHODS: Seventy-five patients with Child’s A classification (males/

Accepted 23 January 2019 females=24/51; average age, 58 years; range, 30—80 years) received DCE-MRI 3 days prior to

hepatectomy. Semi-quantitative haemodynamic parameters, including the wash-in slope,
wash-out slope, and time-to-peak, were calculated from DCE-MRI data. Liver fibrosis of the
resected non-tumour liver was graded pathologically from FO (no fibrosis) to F6 (cirrhosis) in
the regions corresponding to those assessed by DCE-MRI.

RESULTS: The wash-out slope showed higher interobserver and intra-observer reliabilities
than the wash-in slope and time-to-peak. There was a significant positive correlation between
the wash-out slope and pathological grade of fibrosis (Spearman’s correlation coefficient:
r=0.5331, p<0.0001). The area under the receiver operating characteristic curve was 0.8066
when using the wash-out slope to differentiate cirrhosis (grade F6) from non-cirrhosis (grades
FO—5). Using the cut-off point that maximised specificity, the sensitivity was 62.07%, specificity
was 91.30%, positive predictive value was 81.81%, negative predictive value was 79.25%, and
accuracy was 80%.

CONCLUSIONS: The wash-out slope derived from DCE-MRI might be potentially useful in
assessing liver cirrhosis in patients with Child’s A classification before hepatectomy.
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Introduction

Liver fibrosis is a common process in chronic liver dis-
ease, which leads to compromised liver function. Following
liver injury, the recruitment of immune cells is followed by
the activation of hepatic stellate cells. Hepatic stellate cells
produce excessive extracellular matrix proteins, and
generate temporary scars to protect the liver from further
injury. The excessive protein matrix in the space of Disse
blocks endothelial fenestration, a process called sinusoidal
capillarisation, leading to hypoperfusion of the hepato-
cytes.! In addition, activated hepatic stellate cells secrete
cytokines and growth factors to promote nodular regener-
ation surrounding the fibrotic scars, resulting in distortion
of the hepatic microstructure, and increased resistance to
portal blood flow.”

Hepatic failure is a major cause of morbidity and mor-
tality after liver resection. Assessment of liver function
before surgery is critical in cirrhotic patients who require
extended hepatectomy, and those who are potential living
donors. Currently, common indicators of surgical risk for
hepatectomy include the Child—Pugh score, indocyanine
green retention test, aspartate aminotransferase to platelet
ratio index, and computed tomography (CT) volumetry.*”
Although laboratory-based tests can assess overall liver
function, they are limited in predicting liver reserve after
surgery. CT volumetry can only assess the volume, and not
the function of the remaining liver, and cannot provide in-
formation about the severity of liver fibrosis. Quantitative
imaging of liver fibrosis is desirable to accurately assess the
extent of liver fibrosis after liver resection.

There are several methods for assessing liver fibrosis,
including liver biopsy, serum markers, and non-invasive
imaging. Liver biopsy analysis is considered the reference
standard for staging hepatic fibrosis; however, it is limited
by small specimen size, sampling variability, and invasive-
ness.® These limitations make liver biopsy a less than ideal
reference standard.” Conventional liver functional tests and
serum makers reflect the general status of the hepatobiliary
system, rather than the degree of liver fibrosis, and there-
fore, may not be suitable for staging liver fibrosis. Magnetic
resonance imaging (MRI) is a non-invasive imaging tool that
is free of ionising radiation. A MRI technique that can assess
the extent of liver fibrosis in the residual liver prior to
hepatectomy would be of value.

Dynamic contrast-enhanced (DCE) magnetic resonance
imaging (MRI) has been validated for the assessment of
angiogenesis and tissue perfusion.® ' As liver fibrosis is
characterised by increased intrahepatic vascular resistance
and decreased exchange between the sinusoids and hepa-
tocytes,!! it may be assessed by DCE-MRI; however, the
analysis of DCE-MRI for liver fibrosis usually invokes com-
plex mathematical modelling and lengthy data processing,
thereby its clinical use is uncommon. Moreover, the unique
dual blood supplies of the liver and the presence of intra-
hepatic vascular shunts further complicate the analysis.'? 4
Therefore, the aim of the present study was to investigate
the feasibility of using a semi-quantitative index derived
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from DCE-MRI to assess the degree of liver fibrosis for pa-
tients with Child’s A classification before hepatectomy.

Materials and methods
Patients

The study was approved by the Local Institutional Re-
view Board of Chang Gung Memorial Hospital (CGMH101-
4766A3). All patients provided written informed consent
before entering the study. From July 2013 to February 2015,
all patients with Child’s A classification who were scheduled
to receive hepatectomy at Chang Gung Memorial Hospital
were invited to participate in the study. Exclusion criteria
included age <20 years, impaired renal function (defined as
an estimated glomerular filtration rate [eGFR] <30 ml/min/
1.73 m?), and standard MRI contraindications, including
patients who had implants incompatible with MRI, preg-
nancy, claustrophobia, and jewellery piercings.

Ninety-four patients were recruited, and all of them were
Child’s A classification. Three refused surgery, and were thus
excluded. Four were excluded because of liver disease that
might confound the analysis: two had severe liver steatosis,
one had a giant hepatic haemangioma, and one had severe
hepatitis. One who did not have enough non-tumour liver
tissue for pathological grading of liver fibrosis was also
excluded. Seven patients were also excluded owing to
enhancement failure such as: prolonged time-to-peak (n=3)
with very short wash-out curve and absence of wash-out
(n=4) mimicking “dripping” enhancement. Four patients
were excluded due to atypical MRI signal enhancement
(n=4). Consequently, 24 females (average age, 53 years; age
range, 4179 years) and 51 males (average age, 60 years;
range, 30—80 years) were included in the analysis.

MRI protocol

All MRI studies were acquired within 3 days prior to
hepatectomy. DCE-MRI studies were performed on a 3 T MRI
system (Verio, Siemens, Erlangen, Germany) with a six-
channel phased-array body coil. A three-dimensional (3D)-
volumetric interpolated breath-hold examination (VIBE)
sequence was used with the imaging parameters as follows:
4.76 ms repetition time, 1.32 ms echo time, 32.5x40 cm field
of view, 208 x 256 matrix, 4.25 mm section thickness, 15° flip
angle, 12 sections in coronal view, 1.56x1.56x4.25 mm?
image resolution, and 2.525 second temporal resolution.

Based on DCE-MRI guidelines, the dynamic imaging
protocol entailed 120 consecutive acquisitions over a period
of 303 seconds (Fig 1)."> At the 10™ acquisition, gadolinium
diethylenetriamine-pentaacid (Gd-DTPA, Magnevist, Bayer
Schering Pharma AG, Berlin, Germany) at a dosage of 0.2
mmol/kg of body weight was administered intravenously at
a rate of 3 ml/s through an MRI-compatible power injector
(Optistar Elite Injector, Covidien, Cincinnati, OH, USA), fol-
lowed by a 20 ml saline flush at the same rate. Patients were
coached to perform shallow breathing throughout the
entire examination.



Y-S. Liao et al. / Clinical Radiology 74 (2019) 407.e11—407.e17

Relative enhancement

0 20 40 60 80 100 120

A Scan
Start of DCE-MRI

Figure 1 The time curve of dynamic contrast enhancement acquired
by DCE-MRI. Gd-DTPA (0.2 mmol/kg body weight) was given intra-
venously at the 10" scan. Scanning continued until a total of 120
consecutive acquisitions were completed. Time-to-peak, the wash-in
slope (Wj,), and the wash-out (Wy,) slope were defined on the nor-
malised dynamic contrast enhancement curve.

Region of interest selection

Prior to the study, two radiologists with >10 years of
experience in liver imaging were trained on the criteria
of selecting the region of interest (ROI) on DCE-MRI in a trial
of 10 subjects. The ROI was selected to fit the region from
which a non-tumour liver sample was taken during surgery
for liver fibrosis staging. Regions showing visible bile ducts
and blood vessels, and regions close to diaphragm, were
avoided. The radiologists selected the ROIs independently,
and were blinded to the clinical information and patholog-
ical stage of liver fibrosis. Prior to ROI selection, the image
stabilisation program'® was used to minimise motion arte-
fact. A single ROI was drawn for each patient, and was copied
and pasted on the same section location for all time points
using Image | software (Image J 1.3.1, NIH, Maryland, USA).
The selected ROI was 119+45mm? in size. Two radiologists
measured all the DCE-MRI scans separately to examine
interobserver reliability. Rater 1 repeated all the ROI selec-
tions 3 months later to evaluate intra-rater reliability.

Image analysis

For each dataset, the baseline signal intensity (SIp) was
defined as the mean signal intensity of the first 10 scans of
the time—intensity curve. Relative contrast enhancement at
each time point (Slelative) Was calculated as:

Skrelative=(Slt — Slo)/Slp x 100%,

where Sl; was the signal intensity at frame t after the
start of DCE-MRI.

To reduce the noise, the data points of the time—intensity
curve were smoothed by a weighted 10 points using the fast
Fourier transform algorithm (OriginPro 8.1 SR1, OriginLab,
Northampton, MA, USA), and was normalised by scaling the
signal intensity between 0 and 1. As shown in Fig 1, the
time—intensity curve showed a rapid increase in signal in-
tensity soon after administration of the contrast medium
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bolus, reaching the peak, and then a slow decline. The peak
signal intensity was defined as the maximum value of the
normalised time—intensity curve. The wash-in and wash-
out slopes of the time—intensity curve were determined
using a linear regression model (line of best fit). The
following parameters were calculated': time-to-peak, the
time interval from the onset of enhancement to peak signal
intensity?; the wash-out slope, the slope between the peak
signal intensity and the cut-off times of 180, 210, 240, 270,
and 300 seconds from the start of dynamic scanning’; the
wash-in slope, the slope between the onset of enhancement
and the peak signal intensity."”

Histopathological examination

Non-tumour liver specimens were formalin-fixed,
paraffin-embedded, and stained with haematoxylin and
eosin. Each sample was evaluated histologically according to
Ishak staging.'® Ishak staging has seven scores from FO to F6,
which indicate different degrees of liver fibrosis; FO: no
fibrosis, F1: fibrous expansion of some portal areas, F2:
fibrous expansion of most portal areas, F3: fibrous expansion
of most portal areas with occasional portal to portal bridging,
F4: fibrous expansion of portal areas with marked bridging,
F5: marked bridging with occasional nodules, and F6:
probable or definite cirrhosis.

Statistical analysis

Differences among groups were tested using one-way
ANOVA with Bonferroni correction for multiple compari-
sons. A probability (p) value of <0.05 was considered
statistically significant. The interobserver reliability and
intra-observer reliability were evaluated in terms of intra-
class correlation coefficient (ICC)."” Spearman’s correlation
coefficient was used to evaluate the correlations between
the wash-out slope and Ishak stage. The area under the
receiver operating characteristic (AUC) curve was used to
quantify the overall ability of the DCE-MRI parameters to
discriminate cirrhosis (F6) and non-cirrhosis (FO—F5), and
curves were calculated using PRISM6 software (GraphPad
Software, San Diego, CA, USA).

RESULTS

A total of 75 patients were included in the final analysis,
and were divided into three subgroups according to the
Ishak staging (20). There were 20 patients with mild liver
fibrosis (stage FO—3), 26 patients with moderate fibrosis
(F4—-5), and 29 patients with cirrhosis (F6). The de-
mographic data of these 75 patients are shown in Table 1.
The proportion of patients with hepatitis B and/or hepatitis
C increased as the degree of liver fibrosis increased (mild
fibrosis: 9/20; moderate fibrosis: 23/26; cirrhosis: 27/29).
The signal intensity (mean with standard deviation) profiles
of non-tumour liver parenchyma following contrast me-
dium injection of the three subgroups are shown in Fig 2.
Although the wash-out slopes of mild and moderate liver
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Table 1
Patient characteristics.

Ishak  No. of
stage patients

Age (years) M/F Hepatitis virus infection

B C Band C None
FO—3 20 63.754+9.87 12/8 5 2 2 11
F4-5 26 58.58+11.14 22/4 13 7 3 3
F6 29 61.52+10.33 17/12 13 11 3 2

Data are presented as mean + standard deviation or number.

fibrosis were indistinguishable, that of liver cirrhosis was
obviously slow.

The intra-observer and interobserver reliabilities of
time-to-peak, wash-in slope, and wash-out slope with the
cut-off times of 180, 210, 240, 270, and 300 seconds are
summarised in Table 2. Among all parameters, the wash-out
slope at the 180-second cut-off showed the highest intra-
observer reliability (ICC=0.92) and interobserver reli-
ability (ICC=0.80).

The area under the receiver operating characteristic
curve analysis of the wash-out slopes at different cut-off
times of 180, 210, 240, 270, and 300 seconds for differen-
tiating cirrhosis (F6) from non-cirrhosis (FO—F5) is shown in
Table 3. Among all cut-off times, the wash-out slope at the
180-second cut-off time showed the largest AUC (0.8066). A
high correlation was observed between the wash-out slopes
at the 180-second cut-off and Ishak fibrosis stage (Fig 3).
The Spearman’s correlation was significant (r=0.5331,
p<0.0001).

Fig 4 shows the ROC analyses of the wash-out slope at the
180-second cut-off in differentiating cirrhosis (F6) from non-
cirrhosis (FO—F5). The AUC was 0.8066. Using the cut-off point
that maximised specificity (wash-out slope=—0.002437 1/
second), the sensitivity was 62.07%, specificity was 91.3%,
positive predictive value (PPV) was 81.81%, negative predic-
tive value (NPV) was 79.25%, and accuracy was 80% for
differentiating cirrhosis from non-cirrhosis.

Fig 5 is the mean, standard deviation, maximum, and
minimum plots of 180-second washout slopes at different
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Table 2
Intra-observer and interobserver reliabilities of DCE-MRI parameters as
indicated by intra-class correlation coefficients.

Time-to-peak Wash-in Wash-out slope at different
slope cut-off times

300s 270s 240s 210s 180s

0.76 085 086 0.89 0.92
0.73 072 0.73 0.80 0.80

Intra-observer 0.58 0.50
interobserver 0.52 0.53

fibrosis stages. There are significant difference of washout
slopes between FO—3 and F6 (p<0.0001), and also F4—5 and
F6 (p<0.001).

Discussion

To the authors’ knowledge, this is the first MRI study to
assess liver fibrosis in patients with Child’s A classification
prior to hepatectomy. In this study, a metric was deter-
mined to assess the severity of liver fibrosis based on semi-
quantitative parameters derived from DCE-MRI. Among all
parameters, the wash-out slope at the 180-second cut-off
showed the highest intra-observer and interobserver
reliabilities. When compared with the pathological grade
of liver fibrosis, the magnitude of the wash-out slope
decreased with increasing severity of liver fibrosis, and it
had the largest AUC in distinguishing liver cirrhosis from
non-cirrhosis. The overall accuracy was 80%, with a speci-
ficity of 91.3% and PPV of 81.81%. Owing to its ease of use
and acceptable diagnostic accuracy, the wash-out slope
might be a feasible metric for assessing the severity of liver
fibrosis.

The high specificity (91.3%) and high PPV (81.81%) of the
proposed wash-out slope have important clinical implica-
tions. When surgeons perform hepatectomy, they are most
concerned about liver function reserve after hepatic resec-
tion. The high PPV means that when non-tumour liver tis-
sue is diagnosed to be cirrhotic, the chance of it actually
being cirrhotic is >81%. The high specificity means that in

i

— FO-3
— F45
F6

(a)

0 30 60 90 120 150 180 210 240 270 300s
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Figure 2 (a) A patient with a hepatic tumour (T) in right upper liver. A circle was drawn as the region of interest in a non-tumour region. (b)
Time—signal curves of non-tumour liver parenchyma following contrast medium injection in patients with mild liver fibrosis (FO—3), moderate
fibrosis (F4—5), and cirrhosis (F6). The error bars are +1 standard deviations.
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Table 3

Area under the receiver operating characteristic curve in distinguishing liver
cirrhosis (Ishak stage F6) from non-cirrhosis (Ishak stage FO—F5) using the
wash-out slopes at different cut-off times.

Cut-off time 300 s 270 s 240 s 210 s 180 s
AUC 0.7466  0.7732 0.7736 0.7916 0.8066
p value 0.0003  <0.0001 <0.0001 <0.0001 <0.0001

AUC, area under the receiver operating characteristic curve.

patients without cirrhosis, the chance of being falsely
diagnosed to be cirrhotic is <9%. This diagnostic perfor-
mance indicates that the wash-out slope has high accuracy
in diagnosing liver cirrhosis. When hepatectomy is per-
formed on patients with cirrhosis, there is a greater risk of
hepatic failure after surgery, especially when the resected
volume is large. On the other hand, a low sensitivity would
have a high false-negative rate; therefore, the wash-out
slope at the cut-off point with high specificity is not suit-
able for screening.

In the present study, liver fibrosis was staged using the
Ishak scale, which uses descriptive categories instead of
quantitative scales.'® Some studies have demonstrated a
positive correlation between measured collagen propor-
tionate areas and Ishak fibrosis scores.’”?! Those studies
showed that liver collagen amount increased exponentially,
not linearly, with increasing Ishak scores. Compared with
these results, the present study showed that there was a
marked increase of the wash-out slope in the cirrhosis
group (F6), and little difference between mild (FO—3) and
moderate (F4—5) fibrosis (Figs 3 and 5). Similarly, Fig 2
shows flattening of the signal decline in the wash-out
phase in the cirrhosis group, whereas the signal decline
become relatively steeper in the mild and moderate fibrosis
groups. This suggests that the wash-out slope of DCE-MRI
might be an effective marker of liver cirrhosis.

Unlike perfusion MRI studies of the brain, there is no
generally accepted model for analysing hepatic DCE-MRI
data sets because of the dual blood supplies in the liver.
The Marterne model is the most popular DCE-MRI model
for the liver, which extracts perfusion fractions from the
hepatic arteries and portal veins within the liver’’; how-
ever, it cannot model the change in permeability between
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Figure 3 Correlation between the wash-out slope and liver fibrosis.
Spearman’s correlation was significant (r=0.5331, p<0.0001).
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Figure 4 Receiver operating characteristic curve of the wash-out
slope at the 180-second cut-off in distinguishing liver cirrhosis
(Ishak stage F6) from non-cirrhosis (Ishak stages FO—F5). The AUC
was 0.8066. The sensitivity was 62.07%, specificity was 91.3%, the
positive predictive value (PPV) was 81.81%, negative predictive value
(NPV) was 79.25%, and accuracy was 80%.

the hepatic sinusoids and the space of Disse when liver
fibrosis develops. Therefore, the Marterne model may be
accurate in the setting of normal liver parenchyma with free
exchange between sinusoids and perisinusoidal space, but
may not be accurate in fibrotic liver.>* To solve this problem,
Koh et al. introduced a dual-input, two-compartment
model.>* They assumed that the liver is composed of two
compartments: one with well-perfused hepatic sinusoids
and vascular space, and one with poorly perfused Disse and
interstitial spaces. Both of the above models assume that
the dual blood supplies to the liver can be approximated by
extrahepatic segments of the hepatic arteries and portal
veins; however, the extrahepatic segments of portal veins
and hepatic arteries are not in the vicinity of the inlet of the
hepatic sinusoids, and so it may not reflect the actual input
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Figure 5 The mean, standard deviation, maximum and minimum
plots of 180-second washout slopes at difference fibrosis stages. The
difference between the FO—3 versus F6 and F4—5 versus F6 are sig-
nificant (****p<0.0001 and ***p<0.001).
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functions. Moreover, both models do not take into account
the complex haemodynamic changes between the hepatic
arteries and portal veins in liver cirrhosis,”® such as hep-
atofugal portal blood flow, portal systemic shunting, and
intrahepatic shunts.

To account for the limitations of fully quantitative
methods, our semi-quantitative method has several ad-
vantages. First, it obviates the potential errors arising from
measuring extrahepatic segments of hepatic arteries and
portal veins as the input functions of hepatic inflow. Second,
it directly measures the normalised characteristics of the
time—intensity curve without invoking complicated tissue
modelling. Thus, it is more easily implemented in clinical
settings. Third, it requires very simple calculation to derive
the wash-out slope, and so high interobserver and intra-
observer reliabilities can be achieved.

In the present study, high temporally-resolved DCE-MRI
was used to plot the time—intensity curve, from which the
wash-in slope and wash-out slope were evaluated with
high precision. Compared to the wash-out slope, the wash-
in slope showed lower intra-observer and interobserver
reliabilities. This may be due to the fact that the inflow ra-
tios of the portal veins to the hepatic arteries vary across
patients due to different levels of liver fibrosis,'* and also
they might vary spatially when liver fibrosis is inhomoge-
neous. In contrast, the wash-out of contrast medium (Gd-
DTPA, used in this study) in the liver has only one system,”®
i.e., hepatic veins, and so the wash-out slope is relatively
constant throughout the liver.

Early heterogeneous enhancement of the liver was
commonly seen in MRI images from clinical practice.”’ The
images indicated several types of chronic liver disease such
as: hepatocyte necrosis, fibrosis, and inflammatory pro-
cesses; however, liver enhancement was improved in later
phase images. This may explain why wash-in curves had
worse interobserver and intra-observer variability than
wash-out curves. When ROIs were changed (different ob-
servers and different times), the wash-in curve also
changed due to ROIs that cover the early heterogeneous
enhancement zone. Furthermore, the wash-in curve is more
easily changed not only due to liver fibrosis grade, but also
liver inflammation processes (e.g., virus hepatitis and
tumour inflammation) and minor focal necrosis of the
hepatocytes.

Recently, transient elastography has been used to assess
liver fibrosis by measuring liver stiffness. This ultrasound-
based technique samples a cylindrical right lobe liver tis-
sue of 4 cm long and 1 cm wide, approximately 2.5 cm below
the skin.”® Transient elastography is limited when liver
fibrosis is inhomogeneous because it cannot assess the re-
gions shadowed by the ribs. It is also limited in patients with
thick subcutaneous fat, which attenuates the ultrasound
beam before entering the liver. Similarly, MRI elastography
only evaluates certain areas of liver that have adequate wave
amplitude,?® it must avoid areas vibrated by the beating
heart, and is limited in the presence of ascites and high body
mass index.’” In contrast, DCE-MRI uses smaller ROIs than
transient elastography, and is not hindered by the ribs and
thick subcutaneous fat. Furthermore, DCE-MRI can exploit
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the whole liver by simply choosing different ROIs. Therefore,
when the target area of non-tumour liver parenchyma is not
suitable for MRI elastography or transient elastography, such
as the left lobe liver,>2 DCE-MRI could serve as an alter-
native measurement.

There were seven patients excluded due to “enhance-
ment failure” during the DCE-MRI scanning period. Four
of the seven patients showed increased enhancement of
liver parenchyma without any washout slope. Three of these
seven patients showed a prolonged time-to-peak (>4.5
minutes) with a very short wash-out curve. In these patients,
the bolus enhancement became a “dripping enhancement”.
This may have been due to the small amount and slow flow
of MRI contrast medium back to the heart; therefore, these
patients as “enhancement failure”. Four additional patients
were excluded due to “atypical enhancement” (outliers).
Two were due to liver cirrhosis (F6) with sharp wash-in and
wash-out slopes during repeated ROI evaluation, which may
have been due to liver tumours or hepatitis increasing liver
parenchyma enhancement. Two patients presented with
liver fibrosis grade 3 and grade 5 with very slow wash-in and
wash-out curves, which may have been due to delayed and
prolonged contrast medium flow back to heart. The
strengths of the present study include the use of surgical
specimens instead of core biopsy samples for histological
staging, and a simple analytical method that does not
require input functions from the hepatic arteries and portal
veins. The limitations of this study include small number of
patients in each liver fibrosis stage, and potential errors of
co-localisation between MRI measurement and pathological
specimens, as the pathological specimens were not obtained
under MRI guidance. To reduce the mismatch error between
pathology and DCE-MRI study, the corresponding location in
the liver could be marked using “blue dye” with a fine needle
before liver resection. Then, pathologists could report the
fibrosis grade at the marked location, and then imaging and
pathology findings could be compared at the same location.

In conclusion, a practical method to evaluate liver
fibrosis using DCE-MRI was proposed. The wash-out slope
at the 180-second cut-off was found to be the most reliable,
yielding a sensitivity of 62.07% and specificity of 91.3% in
differentiating liver cirrhosis from non-cirrhosis. This
parameter could potentially be useful in assessing liver
cirrhosis for patients with Child’s A classification before
hepatectomy, and warrants a longitudinal study for clinical
validation.
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