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ABSTRACT ARTICLE HISTORY
Background and aims: Accurate biomarkers for quantifying liver fibrosis are important for clinical Received 20 May 2020
practice and trial end-points. We compared the diagnostic performance of magnetic resonance imag- Revised 18 June 2020

ing (MRI), including gadoxetate-enhanced MRI and 3'P-MR spectroscopy, with fibrosis stage and serum  Accepted 18 June 2020
fibrosis algorithms in a clinical setting. Also, in a subset of patients, MR- and transient elastography
(MRE and TE) was evaluated when available. Elastography; MRE;
Methods: Patients were recruited prospectively if they were scheduled to undergo liver biopsy on a Gadoxetate-enhanced MRI;
clinical indication due to elevated liver enzyme levels without decompensated cirrhosis. Within a 31p_MR spectroscopy; serum
month of the clinical work-up, an MR-examination and liver needle biopsy were performed on the fibrosis algorithms;

same day. Based on late-phase gadoxetate-enhanced MRI, a mathematical model calculated hepatobili- liver fibrosis

ary function (relating to OATP1 and MRP2). The hepatocyte gadoxetate uptake rate (Kye,) and the nor-

malised liver-to-spleen contrast ratio (LSC_N10) were also calculated. Nine serum fibrosis algorithms

were investigated (GUCI, King’s Score, APRI, FIB-4, Lok-Index, NIKEI, NASH-CRN regression score, Forns'

score, and NAFLD-fibrosis score).

Results: The diagnostic performance (AUROC) for identification of significant fibrosis (F2-4) was 0.78,

0.80, 0.69, and 0.78 for MRE, TE, LSC_N10, and GUCI, respectively. For the identification of advanced

fibrosis (F3-4), the AUROCs were 0.93, 0.84, 0.81, and 0.82 respectively.

Conclusion: MRE and TE were superior for non-invasive identification of significant fibrosis. Serum fibrosis

algorithms developed for specific liver diseases are applicable in this cohort of diverse liver diseases aeti-

ologies. Gadoxetate-MRI was sufficiently sensitive to detect the low function losses associated with fibro-

sis. None was able to efficiently distinguish between stages within the low fibrosis stages.

KEYWORDS

LAY SUMMARY

e Excessive accumulation of scar tissue, fibrosis, in the liver is an important aspect in chronic liver dis-
ease. To replace the invasive needle biopsy, we have explored non-invasive methods to assess liver
fibrosis. In our study we found that elastographic methods, which assess the mechanical properties
of the liver, are superior in assessing fibrosis in a clinical setting. Of interest from a clinical trial
point-of-view, none of the tested methods was sufficiently accurate to distinguish between adja-
cent moderate fibrosis stages.

Abbreviations: AC: anabolic charge; AlH: autoimmune hepatitis; ALD: alcoholic liver disease; ALP: alka-
line phosphate; ALT: alanine aminotransferase; AST: aspartate aminotransferase; AUROC: area under
the receiver operator characteristics; BMI: body mass index; CLD: chronic liver disease; HCV: hepatitis C
virus; LSC: liver-to-spleen contrast ratio; MP: membrane protein; MR: magnetic resonance; MRE: mag-
netic resonance elastography; MRI: magnetic resonance imaging; MRP2: multidrug resistance-associ-
ated protein 2; MRS: magnetic resonance spectroscopy; NAFLD: non-alcoholic fatty liver disease; NCRS:
NASH-CRN regression score; NFS: NAFLD fibrosis score; OATP1: organic anion-transporting protein 1;
PDE: phosphodiester; PBC: primary biliary cholangitis; PME: phosphomonoester; PSC: primary sclerosing
cholangitis; ROI: region of interest; TE: transient elastography

CONTACT Peter Lundberg @ peter.lundberg@liu.se @ Center for Medical Image Science and Visualization (CMIV), Linkoping University, Linkoping, Sweden
*First authors contributed equally.

Senior authors contributed equally.

#Laboratory of Vascular Translational Science (LVTS), INSERM, Paris, France.

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/00365521.2020.1786599&domain=pdf&date_stamp=2020-08-03
http://orcid.org/0000-0003-4630-6550
http://orcid.org/0000-0002-2928-4188
http://orcid.org/0000-0002-9876-8274
http://orcid.org/0000-0002-4111-1693
http://orcid.org/0000-0002-6422-9520
http://orcid.org/0000-0001-5734-8276
http://orcid.org/0000-0002-6093-1654
http://orcid.org/0000-0001-9386-0568
http://orcid.org/0000-0002-6189-0807
http://orcid.org/0000-0002-5590-8601
http://orcid.org/0000-0001-7614-739X
http://orcid.org/0000-0001-8661-2232
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/00365521.2020.1786599
http://www.tandfonline.com

Introduction

Chronic liver disease (CLD) is one of the leading causes of
public health burden in the Western world [1]. During the
last decade, the global burden of liver disease has increased
by 10.3%, with a consequential increase in liver cancer of
11.5% [2]. The most common causes of CLD in Europe and
the US are alcoholic liver disease (ALD), hepatitis C virus
(HCQV) infection, and non-alcoholic fatty liver disease (NAFLD)
[3]. Data from the National Health and Nutrition Examination
Surveys have shown that the overall prevalence of CLD in
the US rose from 12% to 15% between 1988 and 2008,
mainly attributable to NAFLD, while ALD and HCV infection
remained stable [4]. In a large recent US multi-ethnic study,
NAFLD was found to be the main aetiology of CLD, constitut-
ing 51.7% of all cases of cirrhosis followed by ALD (20.7%)
and HCV (8.6%) [5].

Liver fibrosis is the result of excessive accumulation of
extracellular matrix. Advanced liver fibrosis ultimately results
in cirrhosis, liver failure, and portal hypertension, with the
risk of decompensation and development of hepatocellular
carcinoma (HCC) [6]. Decompensation is associated with
lower survival rates [7], and a liver transplant is often seen as
the only effective treatment [8]. The risk of developing cir-
rhosis differs between different causes of CLD, although irre-
spective of aetiology, the histopathological fibrosis stage
portends a dismal prognosis with an increased risk of HCC as
well as liver-related and all-cause mortality [9].

With the rise of NAFLD as one of the leading causes of
CLD worldwide, there are large ongoing efforts in develop-
ing new treatments. These treatments are aimed at a
range of aspects of NAFLD including the underlying meta-
bolic disorder driving the disease, liver steatosis, and liver
fibrosis. Consequently, staging liver fibrosis is important in
all clinical NAFLD trials. Reduction of fibrosis stage or
lower rate of fibrosis progression are pivotal outcomes in
most studies [10,11]. For that reason, it is important to be
able to stage fibrosis more accurately than what has been
possible previously. The current ‘gold standard’ for staging
liver fibrosis is a liver needle biopsy (Figure 1(A)).
However, the liver biopsy is associated with several limita-
tions, including the risk for serious complications during
the procedure, inter- and intraobserver variability, sampling
error and, sampling variability [12-17].

Liver fibrosis can be assessed with both direct and indir-
ect methods. One such method is to combine serum markers
in fibrosis algorithms (Figure 1(E)) (18-23). An innate limita-
tion of serum markers is that they do not directly measure
extracellular matrix turnover and/or fibrogenic cell changes,
instead they reflect an impaired function of the liver. More
direct assessment of the liver is possible by the use of imag-
ing modalities. These modalities allow for assessing mechan-
ical, metabolic, and functional aspects of the liver
parenchyma as well as morphology. The mechanical proper-
ties of the liver can be measured with elastographic imaging
methods, which measure the increasing stiffness of the liver
due to fibrous tissue. Two commonly-used elastographic
modalities are transient elastography (TE; ultrasound-based)
and magnetic resonance elastography (MRE; Figure 1(B))
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[24-26]. In addition, MR can be utilized for metabolic investi-
gation of the liver by performing 3'Phosphorus-MR spectros-
copy (3'P-MRS; Figure 1(C)), which has shown promise in
assessing the degree of hepatic fibrosis and cirrhosis [27,28].
Functional aspects of the liver parenchyma can be assessed
using gadoxetate-enhanced MR-imaging (MRI), which has
been shown to correlate with liver fibrosis [29,30].
Specifically, gadoxetate-enhanced MRI can, depending on
the data and analysis method, be used to quantify the func-
tion of the organic anion-transporting protein 1 (OATP1)
family of transporters and in some cases also multidrug
resistance-associated protein 2 (MRP2) (Figure 1(D)) [30,31].
Contrast agent enhancement ratios have also shown promis-
ing diagnostic performance [32].

In a clinical setting, physicians encounter various liver dis-
ease aetiologies, as well as different stages of fibrosis, and in
such a setting it is important to be able to dichotomise liver
fibrosis, in particular of the lower stages. Hitherto there have
only been a limited number of studies in combination with
liver histopathology assessment that were performed in a
prospective manner. In this prospective study, our primary
aim was to compare >'P-MRS, late-phase gadoxetate-
enhanced MRI, and serum fibrosis algorithms with histopath-
ology for staging liver fibrosis in a clinical setting, involving
patients with suspected liver disease. In a subset of patients,
elastography (TE and MRE) was performed and evaluated as
non-invasive biomarkers of liver fibrosis.

Patients and methods
Patients

Between 2007 and 2014, patients were recruited as they
were referred to the Department of Gastroenterology and
Hepatology at the University Hospital in Linkoping for chron-
ically (>6 months) elevated levels of alanine aminotransferase
(males >71U/L; females >45U/L), and/or aspartate amino-
transferase (males >45U/L; females >36 U/L), and/or serum
alkaline phosphate (>106U/L). At enrolment, an extensive
diagnostic work-up was performed as previously described
[33], and all patients, who required a liver biopsy on clinical
indication, were asked to participate in this study.

Exclusion criteria were contraindications for MR-examin-
ation and liver biopsy. Contraindication for MRI included the
presence of pacing devices, implants with ferromagnetic
properties, pregnancy, and claustrophobia. Contraindications
for liver biopsy were the presence of primary or secondary
coagulative disorder, prothrombin time >1.5 INR, platelet
count <50 x 10° platelets/L, hepatic malignancy, and definite
signs of cirrhosis

The sample size was decided following power calculations
using 3'P-MRS on the separation of mild from advanced hep-
atic fibrosis in patients suffering from CLD [27]. The study
was approved by the regional ethics committee (Ref. M72-07
T5-08). All patients gave written informed consent to partici-
pate before they were included in this study.
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Figure 1. Description of fibrosis biomarkers. (A) The gold standard for staging liver fibrosis — liver needle biopsy — involves the use of a needle to remove a speci-
men of liver tissue. (B) Elastographic methods apply mechanical force to the subject which propagates into the liver tissue; a soft, healthy liver dampens the waves
quickly, whereas a stiff, fibrotic liver allows the waves to propagate with less hindrance. The wave propagation is analysed, and the elasticity or stiffness can be cal-
culated. (C) Phosphorus spectroscopy ('P-MRS) enables phosphodiesters (PDE) and phosphomonoesters (PME) to be measured in the cell membrane, as well as
ATP and inorganic phosphate (Pi) in the cells; PME and PDE reflect cell turnover. (D) The MR contrast agent gadoxetate ('Gd’) is accumulated in the hepatocyte via
OATP1 and to some extent NTCP. Gadoxetate is subsequently excreted into the bile canaliculi via MRP2. These transporters all play crucial physiological roles.
Gadoxetate increases the signal intensity in MR images, and a series of late-phase images can be used to estimate the function of OATP1 and MRP2 in some ana-
lysis methods; there are also methods of analysis which produce qualitative measures. (E) Blood samples can be used to quantify antibodies, enzymes and other
metabolites which can be used in combinational scores and omics; these either directly or indirectly couple to the fibrotic processes. S: sinusoid; SD: space of Dissé;
ECM: extracellular matrix; SC: Stellate cells; BC: bile canaliculi; H: hepatocyte. Colour version of the figure is available in the online version.

Transient elastography

TE was performed by an experienced hepatologists (P. N., M.
E., and S. K)) or specialist nurse using FibroScan® (Echosens)
during the clinical work-up. Subjects were asked to fast >3 h
prior to the examination. The procedure was performed in a
supine position with the right arm abducted and placed
under their heads. The probe was applied over the area of
the right liver lobe, and a minimum of 10 measurements
were made to obtain the median valid liver stiffness in kilo-
pascals (kPa) and interquartile range (IQR). Based on the
manufacturer's recommendation, all patients were first
scanned by applying the M-probe. If failure to obtain values
or if a non-representative image was observed, the XL-probe
was applied. Technical failure was defined as obtaining no
stiffness measurements or unreliable measurements and was
defined as a success rate <60% and/or an IQR >30% [34].
However, no readings were unreliable in the patients eligible
for inclusion.

Magnetic resonance

Within a month of the clinical work-up, on the same day as
the liver biopsy, the MR-examination was performed using a
Philips Achieva 1.5T MR-scanner (Philips Healthcare, Ville
Platte, LA).

MRE was performed as previously described [35]: an elec-
tromagnetic active elastography transducer was used, operat-
ing at 56 Hz. A 3D image was acquired in four breath-holds.
Nine slices were acquired, each with a thickness of 4 mm
with full, in-plane liver coverage. Regions of interest (ROls)
were drawn on the reconstructed image maps by an experi-
enced radiologist (N. D.), and the mean shear elasticity was
calculated in kPa for the right liver lobe. Representative
examples of the quantified elastograms are shown in
Figure 2(A,B).

Late-phase gadoxetate-enhanced MRI was acquired and
post-processed as previously described [29,36]. The data
were analysed using the model by Forsgren et al. [31] as
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Figure 2. MR-based biomarkers for a non-fibrotic (A, C, E) and a cirrhotic (B, D, F) NAFLD patient. (A, B) MR shear-wave elastograms at 56 Hz. The elastograms are
superimposed on water-only gadoxetate-enhanced Dixon images. (A) shows the homogenously soft tissue in the non-fibrotic liver compared to (B), in which the
excessive fibrous tissue is apparent both in terms of absolute values and in heterogeneity. (C, D) Relative induced change in relaxivity due to the presence of the
MR contrast agent gadoxetate in the liver and the spleen respectively, proportional to the concentration of gadoxetate. The solid lines represent the predictions
made by the mathematical model describing the function of the OATP1 and MRP2 transporter proteins in the hepatocytes. As can be seen the cirrhotic liver accu-
mulates much less gadoxetate within the liver parenchyma than the non-fibrotic liver. (E, F) 3'P-MR spectral assignments with (1) phosphomonoesters (PME); (2)
inorganic phosphate (Pi); (3) phosphodiesters (PDE); (4) membrane phosphates (MP); (5) trace of phosphocreatine originating from surrounding muscle tissue;
(6-8) nucleotidetriphosphate (y-NTP, a-NTP, B-NTP, mainly Mg-ATP); at the up-field base of resonance (7) NAD(H) is also present. As can be seen, PME increases
and PDE decreases in the cirrhotic patient; these are combined into ‘anabolic charge’ (AC). Colour version of the figure is available in the online version.

described in [36]. An example of the induced change in
relaxivity is shown in Figure 2(C,D). ROIs were drawn in
the liver (n=7) and the spleen (n=3) by experienced
radiologists for the subsequent quantitative analysis (N. D.
and B. N.). The model parameters describe the hepatocyte
gadoxetate uptake rate by the OATP1 transporters

(ko) and the biliary excretion rate by the MRP2 transporter
(knp) [31]. The hepatic accumulation (Kye,) rate was
calculated as previously described [32]. The liver-to-
spleen contrast ratio at 10 min (LSC10) and the normalized
ratio (LSC_N10) were also calculated as previously
described [32].
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The 3'P-MRS was performed using a flat, non-flexible
12cm circular single tuned surface coil (‘P-120°, Philips
Healthcare, Ville Platte, LA). The localised hepatic spectra
were acquired using ISIS volume selection (7s repetition
time; 1024 data points; 5kHz spectral width; 192 averages;
volume 60 x 60 x 40mm?>). The MRS data were post-proc-
essed and analysed for phosphomonoesters (PME), phospho-
diester (PDE), and the anabolic charge (AC) was calculated
(AC=PME/(PME + PDE incl. MP)) as previously described
[27,37], using jMRUI with the AMARES algorithm [38,39]. The
spectral analysis was performed by an experienced MR physi-
cist (MFF). The spectral assignments are exemplified in
Figure 2(EF).

Serum fibrosis algorithms

APRI, FIB-4, GUCI, NAFLD Fibrosis Score (‘NFS’), NIKKEI, King's
score, Lok Index, Forn’s score, and NASH-CRN Regression
Score ('NCRS’) were calculated as previously described [20].

Liver needle biopsy and histopathology

Within one hour after the MR-examination, a liver needle
biopsy was performed on an outpatient basis. It was per-
formed percutaneously using a 1.6mm BioPince needle
(Argon Medical Devices) in the right liver lobe. An experi-
enced histopathologist (SI) graded and classified the biopsies
according to the Batts and Ludwig system [40], fibrosis stage
was defined accordingly: no fibrosis (F0), portal and/or perisi-
nusoidal fibrosis (F1), periportal and perisinusoidal fibrosis
(F2), bridging fibrosis (F3), or probable or obvious cirrhosis
(F4). The inflammation grades determined by histopathology
were stratified into two groups: (0) None to mild inflamma-
tion and (1) Moderate to pronounced inflammation, includ-
ing any stage of lobular inflammation and/or periportal
inflammation above grade 1.

Statistics

y*-test, Student’s t-test, and Mann-Whitney U-test were used
to investigate group differences where applicable, the latter
two depending on whether the criterion for normality and
equal variance were fulfilled. Area under the receiver-oper-
ator characteristics curve (AUROC) was used to investigate
diagnostic performance. ANOVA was used to investigate
potential confounders and the ability of the biomarkers to
distinguish between fibrosis stages. In the ANOVA analysis,
inflammation and the liver disease aetiology were investi-
gated as potential confounders. The diagnosis groups (based
on the clinical and histopathological evaluation) were
defined as: (0) Normal (n=8), (1) NAFLD and ALD (n=36),
(2) HCV (n=8), (3) primary sclerosing cholangitis (PSC) and
PBC (n=17), (4) autoimmune hepatitis (AIlH; n=12), and (5)
Other diseases which were not sufficiently numerous for
accurate statistical testing (n=9).

Wolfram Mathematica (v11.0.1, Wolfram Research Inc,,
Champaign, IL) and IBM SPSS (v24, IBM Corp., Armonk, NY)
were used for the statistical calculations.

Results
Subjects

A total of 90 subjects underwent liver biopsy and had com-
plete gadoxetate-enhanced MRI and serum fibrosis algo-
rithms. The time between the clinical work-up (including
serum fibrosis markers and TE), and MRI/liver biopsy was less
than three months for most patients. Figure 3 shows the
number of subjects removed from the analysis due to in-
complete gadoxetate-enhanced MRI. In addition, for logistical
reasons, TE was acquired in 73 subjects. MRE was available
at the hospital in 2012, so a total of 36 subjects were investi-
gated using MRE. Some 3'P-MRS examinations were unfortu-
nately lost due to multinuclear hardware failure in 2009, and
this meant that only a total of 74 subjects had complete 3'P-
MRS data.

Demographic, clinical, biochemical, and histological data
are presented in Table 1, and the diagnosis ‘normal’ is used
where the liver biopsy showed normal histological features.
There was no significant difference between subjects with
advanced fibrosis in terms of BMI, gender distribution, age,
and diabetes. None of the subjects had decompensated
liver disease.

Association with the stage of fibrosis, inflammation
grade, and liver disease aetiology

ANOVA was performed on all evaluated methods to assess
confounders. While fibrosis stage was included in the ANOVA
model, both diagnosis and inflammation were found to be
insignificantly associated with most of the biomarkers. For
these biomarkers fibrosis stage was significant with the fol-
lowing p-values: MRE (p <.001), TE (p <.001), *'"P-MRS (AC;
p=.015), OATP1 function (kyn; p <.001), MRP2 function (kxs;
p <.001), LSC_N10 (p<.001), GUCI (p<.001), King's Score
(p<.001), APRI (p<.001), FIB-4 (p<.001), Lok Index
(p<.001), NIKEI (p=.001), NCRS (p<.001), and Forn’s
Score (p=.005).

Three methods were found to be significantly influenced
by both fibrosis stage and diagnosis groups: Ky, (fibrosis
stage p=.002; diagnosis group p=.046), LSC_10 (p <.001;
p=.004), and NFS (p=.049; p=.002). Tukey's post-test indi-
cated significant differences in diagnosis groups for LSC_10
(NAFLD versus Normal, and PBC/PSC) as well as NFS (NAFLD
versus PBC/PSC, and AlH). No specific disease group was
uniquely identified according to Tukey’s post-test for Kyep.

The MRE, 3'P-MRS, and gadoxetate-enhanced methods
stratified by fibrosis stage are shown in Figure 4. Each panel
includes the shortest identifiable group difference in Tukey's
post-test in an ANOVA analysis, as well as the number of
subjects in each stage of fibrosis. The corresponding informa-
tion for the serum algorithms is shown in Figure 5.

Identification of fibrosis (FO versus F1-4)

MRP2 function (kxp), LSC_N10, and Ky, all had significant
AUROC values in the range of 0.63-0.74. TE and AC were sig-
nificantly able to detect fibrosis with AUROC values of 0.65
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Subjects evaluated because of
chronically elevated levels of serum
aminotransferases and/or alkaline
phosphatase

100 subjects

eClaustrophobia (n = 4)
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subject for aborting the MRI (n = 3)

( Technical reasons (n = 2)

( Foreign metal objects inside the body,
not mentioned beforehand (n = 1)

Subjects with incomplete gadoxetate—
enhanced MRI data removed from 2
the analysis

y

Gadoxete—enhanced MRI and blood panels (n = 90)
Ad(ditional biomarkers:
( MRE (n = 36 of 90)
( TE (n =69 of 90)
( AC (n =74 of 90)

Figure 3. Data availability.

Table 1. Demographics, laboratory characteristics, diagnosis of the cohort.

Entire cohort None to mild fibrosis Advanced fibrosis
Variable (n=90) (FO-2; n=69) (F3-4; n=21) p
Demographics
Gender (n; % males) Female = 41, Male = 49 (54%) Female = 28, Male = 41 (59%) Fremale = 13, Male = 8 (38%) 1422
Age (year) 52.5 (20-81) 52 (20-81) 62 (22-81) .280°
BMI (kg/mz) 26.4 (19.6-35.9) 26.3 (20.1-35.5) 27.8 (19.6-35.9) .989°
Diabetes/IGT (n; %) 18 (20%) 13 (19%) 5 (24%) .852°
Laboratory characteristics
Platelet count (10°/L) 244 (60-441) 256 (60-400) 185 (76-441) .048°
Prothrombin time (INR) 1.0 (0.8-1.3) 1.0 (0.8-1.2) 1.1 (0.9-1.3) <.001¢
Bilirubin (mg/dL) 0.6 (0.2-2.8) 0.6 (0.2-1.7) 0.8 (0.4-2.8) .007¢
ALP (U/L) 72 (26-600) 66 (31-582) 120 (26-600) 077¢
AST (U/L) 45 (17-270) 39 (17-270) 78 (21-210) .001°¢
ALT (U/L) 66 (11-546) 56 (11-546) 84 (19-348) .106¢
Child-Pugh class A = 89, A =69, A = 20,
B=1 B=0 B=
Histological features
Fibrosis stage (n; %) FO =28 (31%)
F1=16 (18%)
F2 =25 (28%)
F3 =14 (16%)
F4=7 (8%)
Moderate/pronounced inflammation (n; %) 38 (43%) 25 (37%) 13 (62%)
Diagnosis
Normal (n; %) 8 (9%) 8 (12%) -
NAFLD (n; %) 34 (38%) 27 (39%) 7 (33%)
HCV (n; %) 8 (9%) 7 (10%) 1 (5%)
PSC (n; %) 13 (14%) 9 (13%) 4 (19%)
AlH (n; %) 12 (13%) 9 (13%) 3 (14%)
PBC (n; %) 4 (4%) 3 (4%) 1 (5%)
AIH-PBC overlap (n; %) 1 (1%) - 1 (5%)
AIH-PSC overlap (n; %) 2 (2%) - 2 (10%)
AAT deficiency (n; %) 2 (2%) 1 (1%) 1 (5%)
Hemochromatosis (n; %) 1 (1%) 1 (1%) -
DILI (n; %) 2 (2%) 2 (3%) -
Wilson's disease (n; %) 1 (1%) 1 (1%) -
Alcoholic liver disease (n; %) 2 (2%) 1 (1%) 1 (5%)

BMI: body mass index; ALP: alkaline phosphatase; AST: aspartate aminotransferase; ALT: alanine aminotransferase; NAFLD: non-alcoholic fatty liver disease; HCV:
hepatitis C virus infection; PSC: primary sclerosing cholangitis; AIH: autoimmune hepatitis; PBC: primary biliary cirrhosis; AAT deficiency: oi1-antitrypsin deficiency;
DILI: drug-induced liver injury. Values are presented as median (range) or n (%).

2-test.

PStudent t-test.

“‘Mann-Whitney U-test.
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Figure 4. Fibrosis biomarkers stratified by the stage of fibrosis (FO-4). The asterisks represent Tukey's post-test at o= 0.05%, 0.01**, 0.001*. (A, B) shows the ultra-
sound and MR based elastography biomarkers. The *'P-MRS-based anabolic charge is shown in (C). (D, E) shows the parameter representing the function of OATP1
and MRP2, derived from model-based analysis of gadoxetate-enhanced MRI. (H) shows the hepatic accumulation rate, and (F, G) shows the ratios between the liver
and spleen at 10 min all of which are also based on gadoxetate-enhanced MRI. Colour version of the figure is available in the online version.

and 0.70, respectively. Some serum fibrosis algorithms were
found to identify fibrosis, with significant AUROC values for
King's score and the two related scores APRI and GUCI rang-
ing from 0.64 to 0.69. None of the biomarkers were able to
distinguish between FO and F1, but MRE was able to distin-
guish between FO and F2 (Figures 4 and 5; and Table 2).

Identification of significant fibrosis (FO-1 versus F2-4)

All the gadoxetate-based methods could identify significant
fibrosis, with similar AUROC values ranging from 0.67 to 0.71.
The OATP1 function (k,;) and LSC_N10 were able to distin-
guish between F1 and F3. Both elastography methods
showed high AUROC values in the range of 0.78-0.80. 3'P-
MRS (AC) was not able to identify significant fibrosis. All
serum fibrosis algorithms, except for the NFS and Lok Index,
presented significant AUROC values (0.67-0.78), with the
highest values for APRI and GUCI. Although it was unable to
detect significant fibrosis, Forn’s score could distinguish
between F1 and F3 (Figures 4 and 5; and Table 2).

Identification of advanced fibrosis (FO-2 versus F3-4)
Advanced fibrosis could be identified with all the gadoxe-
tate-based methods, with AUROC values in the range of
0.68-0.81; LSCN_10 had the highest AUROC value.
Sensitivities were 71% for all gadoxetate-based methods, and
specificity varied between them: LSC_N10 had the highest
specificity of 80%, closely followed by the OATP1 function
(kor) with 75%. The elastographic methods showed the high-
est AUROC values of all biomarkers, with 0.93 for MRE and
0.84 for TE. MRE had the highest sensitivity and specificity of
all methods (83% and 90%), closely followed by TE (86% and
84%). MRE could also uniquely distinguish between F2 and
F3. AC (by *'P-MRS) was not able to identify advanced fibro-
sis. All serum fibrosis algorithms presented significant AUROC
values (0.67-0.82), with APRI, GUCI, and King's generating
values >0.80. Except for Forn's score (sensitivity of 65%), all
blood panels had a sensitivity of 71%. Forn’s score, King's
score, and APRI all presented a specificity of 78%. Both Lok
Index and NCRS could distinguish between F2 and F3
(Figures 4 and 5; and Table 2).
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Figure 5. Fibrosis biomarkers stratified by the stage of fibrosis (FO-4). The asterisks represent Tukey’s post-test at o = 0.05%, 0.01**, 0.001*. (A-I) shows nine com-
monly used blood panel scores. Colour version of the figure is available in the online version.

Discussion

In this prospective study, we have evaluated the diagnostic
performance of a wide range of MRI-based methods, TE, as
well as serum fibrosis algorithms for staging liver fibrosis in
liver disease with various aetiologies and fibrosis stages.
Several of the methods were found to be sensitive to
advanced fibrosis stages. Staging liver fibrosis is important in
all clinical NAFLD trials and a reduction of fibrosis stage or
lower rate of fibrosis progression is pivotal outcomes in most
studies [10]. In this study, we show that none of the used
methods were sufficient for distinguishing between adjacent
fibrosis stages based on same-day histopathology deter-
mined fibrosis stages. Overall, the elastographic methods
generated the highest diagnostic accuracy. Gadoxetate-
enhanced MRI ratios performed equally well as certain serum
fibrosis algorithms (with respect to advanced fibrosis stage).
However, the ability by Gadoxetate-enhanced MRI in dichot-
omising low-to-advanced stages of fibrosis outperformed the
best serum fibrosis algorithms which were only able to dis-
criminate between advanced stages. None of the included

subjects had decompensated cirrhosis, and all but one had
Child-Pugh class A. The gadoxetate-enhancement function
methods were also able to detect the reduction in hepato-
cyte function (OATP1 and MRP2 transfer rates) associated
with the disease processes indicated by the stages of fibrosis.
Another finding was also that the best-performing serum
fibrosis algorithms (APRI, King's Score, and GUCI), which were
originally developed for HCV aetiology, were able to identify
fibrosis successfully in this cohort of mixed aetiologies.

The AUROCs for the elastographic methods were overall
high in terms of detecting fibrosis. MRE had higher specificity
than TE in terms of discriminating advanced fibrosis; it was
also able to dichotomise in-between, intermediate levels of
fibrosis. The optimal 'MRE-elasticity’ cut-point for advanced
fibrosis was 2.60 kPa, which is somewhat lower than previ-
ously reported values (3.13 kPa) with a similar implementa-
tion of the MRE method [41]. The elasticity cut-point of
2.60kPa is approximately equivalent to an 'MRE-stiffness’
value of 4.39kPa [35], which is close to previously reported
stiffness cut-points (4.07 and 5.05kPa) using a passive



856 M. F. FORSGREN ET AL.

Table 2. Receiver-operator characteristics and cut-point values for each fibrosis biomarker.

Detection of fibrosis

Detection of significant fibrosis

Detection of advanced fibrosis

(FO versus F1-4)

(FO-1 versus F2-4)

(FO-2 versus F3-4)

Fibrosis biomarker AUROC p AUROC p AUROC p Cut-point Sens Spec
Elastography
MRE 0.67 (0.51-0.86) .055 0.78 (0.62-0.94) .007 0.93 (0.84-1.00) .001 2.598 83% 90%
. TE 0.65 (0.52-0.78) .037 0.80 (0.66-0.88) <.001 0.84 (0.71-0.97) <.001 10.150 86% 84%
P-MRS
AC 0.70 (0.57-0.83) .007 0.59 (0.45-0.72) 210 0.54 (0.37-0.71) 624 - - -
Gadoxetate-enhanced MRI
ko, (OATP1) 0.63 (0.51-0.75) .052 0.67 (0.56-0.78) .006 0.76 (0.65-0.88) <.001 1.956 71% 75%
knp (MRP2) 0.65 (0.53-0.76) .028 0.71 (0.61-0.82) <.001 0.68 (0.56-0.80) .012 0.143 71% 49%
Khep 0.74 (0.63-0.85) <.001 0.70 (0.59-0.81) <.001 0.72 (0.61-0.84) .001 0.205 71% 62%
LSC_N10 0.65 (0.53-0.77) .024 0.69 (0.58-0.80) .002 0.81 (0.69-0.93) <.001 1.276 71% 80%
LsC10 0.61 (0.49-0.73) .108 0.68 (0.57-0.79) .003 0.77 (0.65-0.90) <.001 1.497 71% 74%
Serum fibrosis algorithms
Gucl 0.69 (0.57-0.80) .005 0.78 (0.69-0.87) <.001 0.82 (0.72-0.92) <.001 0.631 71% 75%
King's score 0.64 (0.52-0.75) .039 0.74 (0.64-0.84) <.001 0.81 (0.70-0.91) <.001 12.315 71% 78%
APRI 0.68 (0.56-0.80) .007 0.78 (0.68-0.87) <.001 0.80 (0.70-0.90) <.001 0.702 71% 78%
FIB-4 0.55 (0.43-0.67) 433 0.67 (0.56-0.78) .005 0.75 (0.62-0.89) <.001 1.420 71% 73%
Lok Index 0.55 (0.43-0.68) 442 0.61 (0.49-0.73) .077 0.75 (0.60-0.90) .001 0.264 71% 71%
NIKEI 0.53 (0.40-0.65) 676 0.64 (0.53-076) .021 0.75 (0.62-0.89) <.001 -0.987 71% 73%
NCRS 0.61 (0.48-0.74) 113 0.67 (0.56-0.79) .007 0.75 (0.62-0.88) .001 0.303 71% 64%
Forn’s score 0.59 (0.47-0.71) .188 0.68 (0.57-0.80) .003 0.73 (0.60-0.86) .002 5.700 65% 78%
NFS 0.49 (0.37-0.61) .896 0.60 (0.48-0.72) .105 0.67 (0.52-0.82) 018 -2.513 71% 49%

AUROC: area under the receiver-operator characteristics curve; MRE: magnetic resonance elastography; TE: transient elastography; MRS: magnetic resonance spec-
troscopy; MRI: magnetic resonance imaging; AC: anabolic charge; LSC_N10: normalised liver-to-spleen contrast ratio at 10 min; LSC10: liver-to-spleen contrast

ratio at 10 min; NFS: NAFLD fibrosis score; NCRS: NASH-CRN regression score.

AUROC values presented with 95% confidence interval. Optimal cut-point values for the detection of advanced fibrosis are unitless with the exception of MRE

(kPa), TE (kPa), kpn (Ms™"), kpn (Ms™"), and Kpep (5.

acoustic MRE driver with a 2D MR-acquisition [25,42]. The
AUROC values for MRE (0.93) were consistent with previous
MRE findings of 0.90, 0.99, and 0.94, and meta-analysis find-
ings of 0.92 [25,41-43]. The optimal TE-stiffness cut-point
was higher (10.15kPa) than reported from mixed and pure
NAFLD cohorts (8.60 kPa [25], and 7.30 kPa [26], respectively),
as well as by meta-analysis 7.65kPa [44]. However, in a
recent study by Eddowes et al. [45], an estimated cut-off of
9.7 kPa with TE for diagnosing fibrosis stage >2 had a nega-
tive and positive predictive value (NPV and PPV) of 92 and
38%, respectively, if an estimated prevalence of advanced
fibrosis was 18%. Similarly, among the 73 patients that
underwent TE, the prevalence of advanced fibrosis according
to histology was 19.2%. At a cut-off of 10.15kPa the NPV
and PPV was 96 and 55%. Moreover, TE has displayed vary-
ing accuracy in diagnosing advanced fibrosis; in HCV [46]
and PBC/PSC [47] cohorts an AUROC of 0.95 was found,
slightly lower accuracy in mixed and in pure NAFLD cohorts
(0.77 [25] and 0.80 [26], respectively), and by meta-analysis
0.89 [44]. Our AUROC of 0.84 for detecting advanced fibrosis
using TE agrees with previous studies.

The application of TE is considered to be a challenge in
obese subjects, although improvements have been made to
alleviate this. In contrast, obesity is of negligible concern for
MRE [48,49]. In this study, it was not feasible to assess the val-
idity of assessing fibrosis with either of the two elastography
methods in subjects with obesity, as only eight of the subjects
that underwent an MRE examination had a BMI > 25 kg/m?.

The AC measured with 3'P-MRS showed significant differ-
ences between non-fibrotic and cirrhotic livers, which is in
line with previous studies [27,28]. Godfrey et al. did not find
the PME/PDE ratio to be better than chance for the detection
of fibrosis [42]. A difference between Godfrey’s study and

ours is that the former did not use localised acquisition,
which could have led to distortions in the concentrations
due to contaminating signals from metabolites originating
from muscle tissue. However, in the intermediate stages of
fibrosis the AUROC values (for fibrosis) were not better than
chance in this cohort, in agreement with Godfrey et al. [42].
AC is probably not suitable for distinguish between stages of
fibrosis in this cohort as it did not have decompensated cir-
rhosis, although it could be interesting for investigating
other pathological aspects of liver disease-processes relating
to tissue regenerative capacity in scientific explorations.

The functional aspects of the liver parenchyma, measured
by quantifying the transfer of gadoxetate, were successful in
identifying advanced fibrosis. It is apparent that LSC_N10 is
superior to LSC_10 in detecting fibrosis. Few studies use
LSC_N10 to make direct comparisons. A pilot study reported
that subjects with no or mild manifestations of hepatobiliary
disease processes had a value of 1.33, and subjects with hep-
atobiliary diseases which probably affect hepatobiliary func-
tion, but which have no major biliary obstruction (such as
severe cirrhosis, thromboses, and PSC) had a value of 1.05
[32]. These values are in line with the optimal LSC_N10 cut-
point of 1.28 for advanced fibrosis, which was found in this
study. The ratio-based methods are clearly affected by the
vasculature of both liver and spleen and are consequently
highly sensitive to perfusion differences and altered compart-
ment size associated with fibrosis. In contrast, the hepatocyte
uptake rate (Kye,) and model-based quantification of late-
phase gadoxetate transfer rates (OATP1 and MRP2 function)
accounts for the vascular compartments of the organs
[31,32]. In a pilot study, Kye, was reported with a value of
0.24s" ' in subjects with mild or no hepatobiliary disease
processes and subjects with hepatic or biliary disease, had a



value of 0.095™" [32]. In our study, 0.21s~" was found to be
an optimal cut-point for advanced fibrosis. The more
advanced quantification of hepatic transfer of gadoxetate
presented a mixed view. The hepatocyte accumulation rate
(via OATP1) was significantly reduced in subjects with cirrho-
sis. It was possible to differentiate between low and
advanced stages of fibrosis using the hepatic accumulation
rate. The biliary excretion rate (via MRP2) was unaffected in
moderate stages of fibrosis, and drastically increased in cir-
rhosis. Previously, we have reported that there is no visually
reduced enhancement in the common bile duct in cirrhosis
[50], and the increased excretion rate observed here could
be related to these findings. The AUROC levels were 0.76
and 0.68, which is slightly lower than in a recently published
study, where an AUROC of 0.84 was found by quantifying
the accumulation rate using a perfusion-style approach [30].
Fibroneogenesis is not causally connected to the function of
neither OATP1 nor MRP2, and the measures of hepatic func-
tion that were used here may therefore not be best suited
for identifying fibrosis per se, in particular as there is only
limited loss of function in the early stages of fibrosis.
However, the measures of hepatic function were neverthe-
less sufficiently sensitive to determine a consequential low
functional loss, caused by the formation of fibrosis. We,
therefore, believe that functional assessment, as reflected by
gadoxetate uptake and excretion, will be very useful for
investigating the functional reserve when for instance plan-
ning resective surgery, or transplantation. Such measures will
also provide information on the additional functional con-
straints imposed by fibrosis.

We included nine serum fibrosis algorithms. Three of
them were developed in NAFLD (NFS, NIKEI, and NCRS) and
six in HCV infection (APRI, FIB-4, GUCI, Lok Index, Forn’s
score, King's score). Although only 9% of our cohort con-
sisted of subjects with HCV infection, APRI, King's score, and
GUCI showed adequate accuracy in diagnosing advanced
fibrosis in this cohort of varied liver disease aetiology (with
AUROC values of 0.80-0.82). In contrast, even though 38% of
our cohort had NAFLD, NFS, NIKEI, and NCRS did not perform
well. These findings are in line with a recent study which
showed that FIB-4 and King's score were superior in diagnos-
ing advanced fibrosis in a pure NAFLD cohort [20]. The
results are also slightly higher than another mixed cohort in
which APRI was found to have an AUROC of 0.71, with simi-
lar optimal cut-point values of 0.84 [25] compared to our
cut-point of 0.71. However, in a study by Angulo et al,
NAFLD fibrosis scores were shown to be superior in predict-
ing mortality and liver-related events in NAFLD patients,
compared to APRI and FIB-4 [51]. The findings in this study,
and in Lykiardopoulos et al. [20], indicate that King's score or
similar scores (GUCI and APRI) might be suitable for the
detection of advanced fibrosis in cohorts with liver disease
of mixed aetiologies.

There are some limitations to our study. First, the number
of subjects with advanced fibrosis was limited, although this
was a natural consequence of the prospective nature of this
study (as it involved a cross-section of patients referred to
our hospital). Second, hepatocyte transporters such as MRP2
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have altered expression levels in a range of diseases includ-
ing PSC [52]. This may have affected the results, although no
significant differences were observed when correcting for
aetiology groups. Third, a limited number of subjects were
investigated using MRE, making direct comparisons with the
other biomarkers less straightforward. Fourth, although not
apparent, the extended data acquisition period (6 years)
could potentially have affected the integrity of MR-data,
although the same dedicated research scanner was used
throughout the study. Fifth, due to lack of sufficient proced-
ural experience there was no image-fusion-based co-localiza-
tion of the biopsy with the MR-imaging measurements, and
this could potentially have added to the spatial dispersion
due to the heterogenic nature of the disease. Sixth, as with
all studies using liver biopsy as gold standard sampling error,
as well as inter- and intraobserver variability is a possibility.

In conclusion, in this prospective study with subsequent
liver needle biopsies, we have confirmed that MRE was the
most reliable procedure to determine advanced fibrosis.
However, for dichotomising within moderate grades of fibro-
sis, which is of major interest in NAFLD clinical trials, none of
the assessed methods were sufficiently accurate to detect
single stage differences.
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