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List of abbreviations

CLD Chronic liver disease

MRI Magnetic resonance imaging
CcT Computed tomography

MRE MR-based Elastography

ECV Extracellular volume

AUC Area under the curve

DCE Dynamic contrast-enhanced
PSC Primary sclerosing cholangitis
AlH Autoimmune hepatitis

NASH Non-alcoholic steatohepatitis
NAFLD Non-alcoholic liver disease
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2 Introduction

2.1 Chronic liver diseases: definition, classification, and epidemiology

Chronic liver diseases (CLDs) include a broad spectrum of pathological conditions
characterized by long-term (more than six months) and progressive liver damage, resulting in
liver fibrosis and impaired liver function. In CLD, the ongoing inflammatory response of liver
tissue, as a protective mechanism, leads to the accumulation of extracellular matrix
components within the extracellular space which subsequently expands (hepatic fibrosis). If
untreated, over time liver fibrosis leads to liver cirrhosis - a terminal stage, which is
characterized by severe scarring of the liver tissue with collagen deposition and failed
function. Liver cirrhosis is associated with life-threatening complications such as portal
hypertension, spontaneous bacterial peritonitis, ascites, hepatic encephalopathy, and
hepatorenal syndrome (Premkumar und Anand, 2022). Hepatic fibrosis was historically
considered to be irreversible. However, recent studies indicate that liver fibrosis in the early
stages can be reversible resulting in a high clinical interest to develop anti-fibrogenic therapies
for liver fibrosis treatment (Nakano et al., 2020) . Therefore, early detection and staging of
liver fibrosis are of great clinical importance for well-timed patient management.

CLDs can be classified based on underlying etiology with the following most common
etiologies: chronic viral hepatitis (Hepatitis B and C), alcoholic liver disease (ALD), non-
alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH), genetic causes
(Alpha-1 antitrypsin deficiency, hereditary hemochromatosis, Wilson disease), autoimmune
liver disease (autoimmune hepatitis (AlIH), primary sclerosing cholangitis (PSC), primary biliary
cirrhosis), toxic (drug-induced liver disease), and others (idiopathic/cryptogenic, vascular
(Budd-Chiari)).

The prevalence and mortality rates of CLDs vary across countries, reflecting country-specific
viral hepatitis prevention and treatment, intravenous drug use, alcohol consumption, and
obesity rates. The latest data from research investigating the global burden of CLDs released
by The Lancet in 2020 show that the disability-adjusted life years caused by CLD in 2019 have
increased by 33.0% over the past 30 years, accounting for 1.8% of the global burden (Vento
und Cainelli, 2022). Liver cirrhosis is a leading cause of mortality and morbidity across the

world, ranking as the 11th leading cause of death and 15th leading cause of morbidity. A
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systematic review from the 2019 Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) revealed that the total number of deaths from cirrhosis worldwide reached 1.43 million
in 2019, an increase of 8.1% compared to the number of deaths in 2017, according to the GBD
2017 (Cheemerla und Balakrishnan, 2021).

2.2 Diagnosis of chronic liver diseases

Clinical manifestations of CLDs in its early stages with mild to moderate liver fibrosis might be
subtle and nonspecific (e.g., fatigue, weakness, weight loss, abdominal pain, etc.) or symptoms
may not present themselves until liver damage is severe (e.g., with signs of decompensated
liver disease with ascites, encephalopathy, portal hypertension). This poses a challenge in
early diagnosis and, therefore, timely initiation of appropriate therapeutic regimens.

Liver biopsy is still considered the gold standard not only for establishing the diagnosis of a
particular type of liver disease but more importantly for the assessment of liver disease
severity in terms of fibrosis and accompanying inflammation (grading and staging) (Goodman,
2007). The grade of liver disease is considered the degree of inflammation of the
hepatocellular injury, which is thought to lead to fibrosis. The stage of liver disease is
considered the degree of fibrous scarring of liver parenchyma. Different scoring systems have
been developed and used for the assessment of liver disease severity, often considering both
activity, grade, and fibrosis stage (including the METAVIR, the Ishak, and the Knodell/histology
activity scores) (Chowdhury und Mehta, 2023). According to the most commonly used
METAVIR score, there are four fibrosis stages with FO = no fibrosis, F1 = mild fibrosis with
portal fibrosis without septa, F2 = moderate fibrosis with portal fibrosis and few septa, F3 =
severe fibrosis with numerous septa without cirrhosis, F4 = cirrhosis. The histologic scoring
systems for CLDs are used also to predict disease progression, determine prognosis, and guide
physicians in clinical decision-making. However, liver biopsy has its clear drawbacks such as
periprocedural complications, inter- and intra- observer variability, sampling errors, as well as
low patient acceptance (Chowdhury und Mehta, 2023). Another clear drawback of liver biopsy
is that it is not suitable for follow-up examinations, and therefore, monitoring of disease
progression over time. In addition, histologic changes obtained at a single time point and

localization may not reflect overall disease activity and severity, which may vary.



Therefore, more appropriate, non-invasive, and accurate approaches allowing comprehensive
assessment of liver disease severity, including liver fibrosis, disease activity, and liver function
in the same setting are highly desirable. Intensive research in this field has been done over
the last decades (Baranova et al., 2011). From the clinical perspective, the ideal liver disease
severity marker should be liver-specific, readily available, easy to implement, and
standardized, also not be influenced by confounders such as inflammation and fibrotic
processes outside the liver, intrahepatic fat, iron, and copper deposition. The ability to
accurately identify and differentiate between different liver fibrosis stages is also of clinical
importance.

Non-invasive tools for the assessment of liver disease and fibrosis severity include serum
blood markers (e.g., biochemical and hematological tests and scoring systems) and imaging
techniques (e.g., ultrasonography, magnetic resonance imaging (MRI), and computed
tomography (CT)).

There is a broad spectrum of serological tests for the assessment of live disease severity,
including fibrosis, and dysfunction. They are widely available, easy to obtain, and cost-
effective. Biochemical tests for the assessment of liver fibrosis severity include direct and
indirect serum markers and panels (please see also Figure 1), which also can be used for the
assessment of liver function (Papastergiou et al., 2012). These markers can be categorized into
direct, which represent extracellular matrix components, and indirect, which are based on
routine laboratory data and reflect the consequences of liver damage. Additionally, a
combination of direct and indirect laboratory parameters may be used. Furthermore, due to
the poor accuracy of individual markers, algorithms or indices combining panels of markers

have been developed and validated (Rossi et al., 2007).



Liver fibrosis biomarkers

Direct Indirect Combinational and panels
— Collagens — Albumin L APRI
Glycoproteins and —  Bilirubin — AST/ALT ratio
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L Prothrombin time +— Fibro index
L— Cytokines
_ Fibrometer test
— Lok index
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Figure 1 Overview of non-invasive methods for the assessment of liver fibrosis severity.

Abbreviations: ALT: alanine aminotransferase; AST: aspartate aminotransferase; yGT: gamma-glutamyl
transferase; ALP: alkaline phosphatase; APRI: the aspartate aminotransferase to platelet ratio index; FIB-4: the
Fibrosis-4 Index.

Despite the non-invasiveness, repeatability, high availability, and low costs of serum markers,
there are several critical issues that should be considered when using them. The main
disadvantage of the laboratory tests is that they are not entirely liver-specific and might be
influenced by factors outside the liver (Patel und Sebastiani, 2020). For instance, fibrotic and
inflammatory changes outside the liver may contribute to false positive results. Furthermore,
serum models primarily achieve their best results principally for identifying two groups of
patients: those with minimal or no fibrosis and those with advanced fibrosis or cirrhosis.
However, the accuracy for intermediate fibrosis is relatively poor (Bissell, 2004). Another
potential limitation of serological blood markers is that they were primarily validated in
chronic viral hepatitis, NASH/NAFLD, and ALD, which may limit their general applicability in

patients with CLDs of other, less common etiologies (AleknaviciGté-Valiené und Banys, 2022).

2.3 Imaging of liver fibrosis and cirrhosis: state-of-the-art

Imaging belongs to the standard of care in patients with CLDs, mainly for malignancy exclusion
and for the assessment of complications related to liver cirrhosis. Ultrasound traditionally
represents a first-line imaging modality in the diagnosis and management of patients with
CLDs.

10



In the last decade, cross-sectional imaging methods, including MRI and CT have undergone a
fast evolution and now also represent an important pillar in terms of clinical management, risk
stratification, prognosis estimation, and procedural planning in patients with CLDs and
cirrhosis. Imaging techniques for liver fibrosis assessment can be divided into elastography
methods (ultrasound- and MRI-based) and both semi-quantitative and quantitative methods

(MRI-, CT-based).

Ultrasonography

Ultrasound-based elastography is an imaging technique used to evaluate the mechanical
properties of tissue according to the propagation of mechanical waves. Different ultrasound-
based elastography methods including acoustic radiation force impulse (ARFI) imaging, shear
wave elastography (SWE), and transient elastography (TE), have shown promising results in
non-invasive liver fibrosis assessment and have been widely implemented into clinical practice
due to their inherent advantages, such as wide availability (also at the bedside), and relatively
low cost. A number of meta-analyses have shown good to excellent diagnostic accuracy using
transient elastography in determining significant and severe liver fibrosis when the results
were correlated with pathological classification of liver fibrosis with Area Under the Curve
(AUC) of 0.82—0.88 for significant fibrosis and 0.91-0.93 for severe fibrosis (Xu et al., 2015; Li
et al., 2016a; Chon et al., 2012).

However, several technical limitations hinder their reproducibility and the accuracy of
measurements. These limitations can be tracked back to general ultrasound limitations, e.g.,
shadowing, reverberation, clutter artifacts, operator-dependent nature of free-hand
ultrasound systems. High technical failure rate ranges from 5% to 30% across the studies due
to severe ascites, or obesity (Sigrist et al., 2017). Further, limited accuracy in the assessment
of deeper tissue or organs, biliary obstruction, acute inflammation, fatty liver, and narrow
intercostal spaces also lead to incorrect and/or insufficient measurements. Another strong
limitation is the lack of uniformity in commercial system design and settings, which makes
comparing measurements from different systems impossible (Sigrist et al., 2017). Biased
results can be produced if not standardized across different patient groups with CLDs of

different etiologies.
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Computed tomography

CT is another widely accessible, reproducible technique with high spatial and temporal
resolution and multiple postprocessing options. CT currently belongs to the most commonly
used imaging modalities in abdominal/liver imaging with a wide variety of indications. Further,
there are some CT-based approaches proposed for the assessment of CLD severity including
liver fibrosis. These approaches include semiquantitative and quantitative methods, e.g.,
analysis of liver surface nodularity, liver segmental volume ratio, splenic volume, and liver
texture analysis (Lubner und Pickhardt, 2018).

CT cannot directly quantify liver fibrosis as fibrosis has similar attenuation patterns to the rest
of the parenchyma. Therefore, contrast-enhanced CT with calculation of the extracellular
volume (ECV) fraction and perfusion has been suggested. Quantification of hepatic ECV
fraction on the equilibrium phase in routine liver contrast-enhanced CT is an emerging
technique for liver fibrosis assessment, which however still needs extensive validation (Guo et
al., 2017).

Perfusion CT of the liver is another promising technique for the staging of fibrosis because it
captures perfusion changes that occur during fibrosis (Ronot et al., 2020). Through the
acquisition of serial images at high temporal resolution after injection of a bolus of iodinated
contrast media followed by post-processing, quantitative and semi-quantitative tissue
perfusion parameters (e.g., blood flow, blood volume, mean transit time, portal liver
perfusion, arterial liver perfusion, and hepatic perfusion index) can be extracted (Ronot et al.,
2020). Other CT techniques proposed for liver fibrosis staging with post-processing software
include quantitative measures of liver surface nodularity and the liver segmental volume ratio
as well as the combination of laboratory values, liver surface nodularity, and radiomics (Smith
et al., 2016). In particular, reported AUCs in case of radiomics demonstrated AUCs of 0.96,
0.97, and 0.95 for > F2, > F3, and F4, respectively. In one of the multicenter studies, the
diagnostic accuracy, sensitivity, and specificity of CT for liver cirrhosis were 67-86%, 77-84%,
and 53-68%, respectively (Choi et al., 2018).

However, the main disadvantages of CT-based approaches for liver fibrosis and disease
severity assessment are ionizing radiation and, in many cases, the need for intravenous iodine-
based contrast agent application. This must be taken into account when choosing CT as an
imaging modality, especially in patients with impaired renal function, hyperthyroidism, and

undergoing follow-up examinations. Another clear disadvantage of contrast-enhanced CT
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methods is a high variability of acquisition parameters across the institutions and between

different vendors limiting the general applicability of these methods.

2.4 MRI techniques for liver fibrosis and disease severity assessment

Over the past decades, MRI techniques have significantly advanced from a qualitative to a
guantitative approach, offering the opportunity for the development of objective and
reproducible imaging-based biomarkers that can be incorporated into clinical routine. MRI
techniques such as MRI-based elastography (MRE), diffusion-weighted imaging (DWI), texture
analysis, and perfusion imaging have been proposed for liver fibrosis and function assessment.
To date, MRE is considered to be a safe non-invasive technique with excellent diagnostic
accuracy for liver fibrosis assessment. Compared to ultrasound-based elastography, MRE
offers wide-field imaging coverage and can also be performed as a 3D technique. According
to the meta-analysis mean AUC values (and 95% confidence intervals) for diagnosis of any
(>stage 1), significant (>stage 2), or advanced fibrosis (>stage 3), and cirrhosis, were 0.84
(0.76-0.92), 0.88 (0.84-0.91), 0.93 (0.90—-0.95), and 0.92 (0.90-0.94), respectively (Singh et
al., 2015; Low et al., 2016). Similar diagnostic performance was observed in stratified analysis
based on sex, obesity, and etiology of CLD. Also, good repeatability and inter- and intra-rater
agreement were demonstrated. The overall rate of technical failure of MRE ranges between
1,5% to 4.3% (Hoodeshenas et al., 2018). MRE has high accuracy for the diagnosis of significant
liver fibrosis, independent of BWI and etiology of CLD. Moreover, MRE is usually performed
as a part of diagnostic MRI and also in conjunction with other quantitative MRI techniques for
liver fat and iron quantification to provide the most comprehensive assessment of the liver.

However, there are some limitations to the broader clinical application of MRE. Obtaining and
reporting accurate and reliable liver stiffness measurements with MRE require optimal
imaging technique, quality control of images, and know-how with proper interpretation and
reporting of elastogram findings (Hoodeshenas et al., 2018). Another technical limitation of
MRE is longer scanning time, which may be impractical in patients with claustrophobia and
reduced general condition. MRE is currently not widely implemented and available in routine
clinical practice as it requires additional expensive hard- and software, and therefore would

add costs to the examination.
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Diffusion-weighted imaging (DWI) is another non-invasive non-contrast imaging MRI
technique, which currently belongs to the imaging standard in liver MRI and does not require
additional hardware (Shin et al., 2019). DWI measures the Brownian motion of water
molecules in the extracellular space. The apparent diffusion coefficient (ADC) can be
calculated from diffusion parameters using a monoexponential model. Alternatively,
intravoxel incoherent motion analysis can be performed. According to the intravoxel
incoherent motion theory, using multiple b-values diffusion and perfusion parameters can be
separated and analyzed assuming a biexponential model (Le Bihan et al., 1988). This results in
three parameters: D, or the diffusion coefficient, D*, or the perfusion or pseudo-diffusion
coefficient, and f, the perfusion fraction. The ability of DWI-derived parameters in the
detection and staging of liver fibrosis has been controversially discussed in the literature.
Accumulation of extracellular matrix components (collagen fibers, glycosaminoglycans, and
proteoglycans) by liver fibrosis theoretically leads to restricted water diffusion and, therefore,
decreased ADC values. According to the meta-analysis of 10 studies including 613 patients,
AUCs of 0.86 for staging fibrosis stage >1, 0.83 for fibrosis stage 22, and 0.86 for fibrosis stage
>3 were found (Wang et al., 2012). Other studies concluded that DWI can only differentiate
between healthy and diseased in terms of liver cirrhosis (Bonekamp et al., 2011; Kong et al.,
2021; Zhu et al., 2008). Further, DWI suffers from some limitations, such as sensitivity to image
noise and motion artifacts, which are especially pronounced in the left liver lobe due to cardiac
motion, thus making measurements unreliable. Another clear limitation of the DWI method is
the lack of standardization across the institutions (different b values and analysis techniques),
and vendor-specific parameters. DWI can be also affected by insufficient fat saturation and
iron deposition (Wang et al., 2021). Therefore, further optimization and standardization of

DWI techniques for liver fibrosis assessment is required.

MRI-based texture analysis is another proposed MRI-based approach for liver fibrosis
assessment. Similar to CT texture analysis, various texture features from images of the liver
tissue can be quantified. For texture analysis, any type of image can be applied, e.g., non-
contrast and contrast-enhanced, T1- and T2-weighted images, and proton-density weighted
imaging. Using various types of analyses, different texture features can be extracted and
analyzed using different algorithms. According to studies focusing on this technique,

diagnostic performance of texture analysis, the AUCs vary from as low as 0.40 for the
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detection of fibrosis stage >3, and as high as 1.00 for the staging of cirrhosis. The main
limitation of texture analysis is lack of standardization, dependence on image quality, and ROI-

placement (Petitclerc et al., 2017).

Dynamic contrast-enhanced MRI (DCE-MRI) using a gadolinium-based contrast agent is
another functional imaging method. It is able to characterize both morphological and
functional aspects of biological tissues by using both, the temporal and spatial information
provided by DCE-MRI. Similar to CT DCE-MRI includes perfusion imaging and hepatocellular
functional imaging, but using a gadolinium-based extracellular contrast agent perfusion
parameters. According to the studies, with higher fibrosis stages arterial fraction increases,
whereas the portal fraction decreases (Ou et al., 2013; Choi et al., 2013). Gadolinium-based
hepatocyte-specific (hepatobiliary) contrast agent allows additional assessment of hepatocyte
function. Given that liver fibrosis induces hepatic hemodynamic changes and functional
damage, concurrently DCE-MRI with a hepatocyte-specific contrast agent helps to diagnose
and distinguish between different stages of liver fibrosis (Verloh et al., 2015). At least two
images are needed, one before the injection of the contrast agent and a second one 20
minutes after the injection, when the uptake reaches the hepatobiliary phase. Relative
enhancement of the tissue or hepatocyte fraction can be calculated, as both of them increase
with an increase of fibrosis stage. There is insufficient data on the diagnostic performance of
DCE-MRIin a larger population, also in patients with rarer etiologies of liver disease. According
to existing data, the AUCs range from 0.63 to 0.93 for liver fibrosis detection using DCE MRI

with hepatobiliary contrast agent (Motosugi et al., 2011; Goshima et al., 2012).

2.5 Quantitative MRI mapping and the concept of extracellular volume fraction

Quantitative MRI mapping, or MR-relaxometry, is another promising technique for the
assessment of liver fibrosis. Quantitative T1 and T2 mapping techniques have been first
proposed and validated against histology in cardiac MRI for the detection and quantification
of cardiac fibrosis and inflammation (Diao et al., 2016). Currently, quantitative T1 and T2
mapping are extensively used and considered the gold standard in cardiac imaging for the
non-invasive assessment of myocardial fibrosis and edema (Messroghli et al., 2017) .The
concept of evaluating the T1 relaxation times in differentiating normal from diseased liver was
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first introduced in the 1980s (Thomsen et al., 1990; 1987). Recently there has been increasing
interest in MRI-derived mapping parameters as potential imaging-based biomarkers for liver
fibrosis and disease severity assessment.

The molecular environment of water molecules in the tissue influences T1 relaxation times.
The excessive accumulation of extracellular matrix components with an increase in the
collagen volume fraction leads to an increase of T1 relaxation times as shown in myocardial
fibrosis (Perea et al., 2015; Mewton et al., 2011). Similarly, increased T1 relaxation times have
been shown to correlate with increased hepatic fibrosis due to the accumulation of
extracellular matrix components and water caused by fibrosis (Uimenstein et al., 2022;
Luetkens et al., 2018). T1 relaxation times may also be influenced by hepatic inflammation as
shown in recent studies on patients with acute liver disease (Hoad et al., 2015; Ulmenstein et
al., 2022).

T1 relaxation times can also be measured before and after the administration of an
extracellular contrast agent, which allows the additional calculation of the extracellular
volume (ECV) fraction. ECV corresponds to the volume fraction of tissue that is not occupied
by cells. ECV values are calculated from the change in relaxation rate (R1 = 1/T1) of blood and
parenchyma corrected for the hematocrit using the following equation (Schelbert und
Messroghli, 2016; Luetkens et al., 2018): ECV = (1 — hematocrit)*(1/T1 parenchyma post-
contrast - 1/T1 parenchyma pre-contrast)/(1/T1 aortic post-contrast-1/T1 aortic pre-
contrast). However, ECV calculation requires hematocrit sampling, which might hinder its
broader implementation into routine clinical practice. Further, the longitudinal reflexivity
(R1=1/T1) of blood is known to be in a linear relationship with blood hematocrit. It is
determined by the water fractions of plasma and the erythrocyte cytoplasm, which undergo
fast water exchange (Spees et al., 2001; Piechnik et al., 2013). Previous cardiac MRI studies
showed that ECV quantification without blood sampling, assuming a linear relationship
between blood hematocrit and longitudinal T1 relaxation times (1/T1blood), is feasible
(Treibel et al., 2016; Raucci et al., 2017). A synthetic ECV calculation for hepatic applications
would be beneficial considering the fact that liver fibrosis assessment and staging using T1
mapping techniques could be performed completely non-invasively and time-efficient directly
after the MRI examination.

Various T1 mapping techniques have been applied for T1 mapping, e.g., Look-Locker and

modified Look-Locker inversion recovery (MOLLI) sequences, saturation recovery-based T1
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mapping approaches (Nacif et al., 2011). Color-coded T1 and ECV maps without the need for
additional software can be easily generated on the scanner console. T1 maps depict every
relatively small variation of T1 within the liver to highlight tissue pathology. The concept of

ECV is presented in the Figure 1.
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Figure 1 lllustrated concept of extracellular volume (ECV) measurement in the, A, normal healthy liver and in, B,
liver fibrosis. ECV assessment exploits the nature of extracellular MRI contrast agents (yellow) to stay in the
extracellular compartments. In a state of dynamic equilibrium with equal contrast concentrations between the
blood and the extracellular space, ECV can dichotomize the liver into its mainly interstitial and cellular components.
In liver fibrosis (B), chronic liver injury results in hepatocyte dysfunction and increased deposition of extracellular
matrix (ECM) components (primarily collagen type | because of activation of hepatic stellate cells [HSC]). Compared
with the healthy liver (A), the increased amount of extracellular MRI contrast agents (because of the increased
extracellular compartment) in areas of liver fibrosis (B) translates into a more pronounced shortening of T1 values
at postcontrast T1 mapping. Luetkens et al. Radiology.

There are already studies demonstrating the ability of T1 mapping with ECV calculation in the
detection of liver fibrotic changes in animals and humans (Luetkens et al., 2018; Li et al.,
2016b; Cassinotto et al., 2015; Heye et al., 2012; Wang et al., 2019). In some previous
experimental studies, native T1 mapping alone has shown to be a valuable tool for non-

invasive fibrosis assessment with good repeatability and reproducibility and a similar to
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elastography's high accuracy for fibrosis staging (Li et al., 2020). The potential of T1 mapping
in the assessment of liver function can be explained by known direct correlations between the
severity of liver fibrosis and liver function. This would allow for a comprehensive assessment
of liver fibrosis and function in the same imaging setting. Previous studies have demonstrated
the diagnostic utility of T1 mapping with ECV calculation for the assessment of liver fibrosis in
patients with CLD of different etiologies (Ulmenstein et al., 2022). However, most of these
studies were focusing on patients with chronic viral hepatitis, NAFLD/NASH and/or ALD
(Obmann et al., 2021). Data, describing the diagnostic utility of T1 mapping in patients with
CLD of other, more rare etiologies are still insufficient or missing.

Similarly, T2 mapping has been reported to be useful in measuring hepatic fibrosis and
potentially in differentiating between different stages of liver fibrosis in human and animal
studies (Guimaraes et al., 2016). Prolonged T2 relaxation times in regions of fibrosis are
potentially attributable to the coexistent inflammation and high water content of the
advanced fibrosis. For hepatic T2 mapping different commercially available sequences are
currently available, e.g., single-shot T2-prepared bSSFP or T2p-GRE, multi-echo fast spin echo
(multi-echo FSE), or gradient spin echo (GraSE) (O'Brien et al., 2022).

A clear advantage of MR-relaxometry is that the relaxation times (T1, T2) are inherent
parameters of tissue (organ-specific) and are determined by their physical, chemical, and
biological characteristics (Lu et al., 2022). Other advantages of mapping are its robustness in
patients with high BMI or ascites, and it does require any additional hardware. Furthermore,
there are a number of ongoing efforts aimed at standardization of T1 and T2 measurements
between sites and vendors to allow broader clinical implementation and comparability of

mapping parameters.
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2.6 Objectives

The global aim of this habilitation thesis was, on the one hand, to further investigate the
diagnostic value of MRI-derived quantitative mapping parameters for the assessment of liver
fibrosis severity in patients with specific etiologies of CLDs (i.e., AIH and PSC), which to date
have been insufficiently described in the literature. On the other hand, to investigate the
potential value of MRI-derived quantitative mapping parameters for the assessment of liver
disease/cirrhosis severity in patients with CLDs of different etiologies. The use of MRI-derived
guantitative mapping parameters for the assessment of liver disease/cirrhosis severity will
allow to expand the clinical application of the MRI-mapping by providing valuable additional
information beyond morphology in the same imaging setting.

The aim of the first study was to explore the diagnostic utility of MRI-derived mapping
parameters in liver fibrosis assessment in patients with AlIH. In the second study, we focused
on patients with PSC. Similar to the first study, we investigated the potential value and
diagnostic ability of MRI-derived mapping parameters in differentiation between different
fibrosis stages using MRE and ultrasound-based elastography (TE) as the reference standards.
In the next two studies, we focused on the potential value and diagnostic utility of MRI-derived
mapping parameters for the assessment of liver disease severity in patients with CLDs and
cirrhosis of different etiologies (including autoimmune liver disease, NASH/NAFLD, ALD,
chronic viral hepatitis, and others). In the first study, the diagnostic utility of T1 mapping and
ECV to predict liver cirrhosis severity based on established clinical scores of cirrhosis severity
was investigated. In the last exploratory study, the diagnostic ability of spleen mapping
parameters in the assessment of the severity of portal hypertension using invasive portal
pressure gradient measurements as the reference standard was investigated.

In the above-mentioned studies ECV was calculated and corrected to blood hematocrit, using
the established equation (Luetkens et al., 2018). However, the need for hematocrit sampling
limits the clinical application of ECV. Therefore, our last study was aimed to generate synthetic
ECV for hepatic applications without the need for hematocrit sampling using the known linear
relationship between blood hematocrit and longitudinal T1 relaxation times. We investigated
whether synthetic ECV is a reliable and accurate alternative to conventional ECV.

Imaging belongs to the standard of care in patients with CLDs and liver cirrhosis of different
etiologies. Development and establishment of imaging-based, reliable, accurate, and at the

same time reproducible biomarkers for the comprehensive assessment of liver fibrosis and
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disease/cirrhosis severity in the same imaging setting without adding any costs and burdens
in patients' care are of high clinical importance. An early diagnosis and monitoring of liver
fibrosis severity would allow for early therapeutic interventions prior to the development of
irreversible and potentially fatal complications. Additionally, the use of synthetic ECV may
potentially overcome an important barrier for the broader clinical implementation of hepatic

ECV.
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3 Results

3.1 Quantitative parametric mapping for the assessment of liver fibrosis severity in patients

with autoimmune hepatitis. Abdominal Radiology (NY) 2021

“Non-invasive assessment of liver fibrosis in autoimmune hepatitis: Diagnostic value of liver
magnetic resonance parametric mapping including extracellular volume fraction”

Mesropyan N, Kupczyk P, Dold L, Weismiiller TJ, Sprinkart AM, Madler M, Pieper CC, Kuetting
D, Strassburg CP, Attenberger U, Luetkens JA.

Published in Abdominal Radiology (NY) 2021 Oct 46(6): 2458-2466

Purpose - The aim of this study was to determine the diagnostic value of T1 and T2 mapping
as well as extracellular volume fraction (ECV) for non-invasive assessment of liver fibrosis in
AlH patients.

Methods - In this prospective study, 27 patients (age range: 19-77 years) with AlH underwent
liver MRI. T1 and T2 relaxation times as well as ECV were quantified by mapping techniques.
The presence of significant fibrosis (> F2) was defined as magnetic resonance elastography
(MRE)-based liver stiffness > 3.66 kPa. MRE was used as reference standard, against which the
diagnostic performance of MRI-derived mapping parameters was tested. Diagnostic
performance was compared by utilizing receiver-operating characteristic (ROC) analysis.
Results - MRE-based liver stiffness correlated with both, hepatic native T1 (r = 0.69; P <0.001)
as well as ECV (r=0.80; P <0.001). For the assessment of significant fibrosis, ECV yielded a
sensitivity of 85.7% (95% confidence interval (Cl): 60.1-96.0%) and a specificity of 84.6% (Cl
60.1-96.0%); hepatic native T1 yielded a sensitivity of 85.7% (Cl 60.1-96.0%); and a specificity
of 76.9% (Cl 49.7-91.8%). Diagnostic performance of hepatic ECV (area under the curve (AUC):
0.885), native hepatic T1 (AUC: 0.846) for assessment of significant fibrosis was similar
compared to clinical fibrosis scores (APRI (AUC: 0.852), FIB-4 (AUC: 0.758), and AAR (0.654) (P
> 0.05 for each comparison)).

Conclusions - Quantitative mapping parameters such as T1 and ECV can identify significant
fibrosis in AIH patients. Future studies are needed to explore the value of parametric mapping

for the evaluation of different disease stages.
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Abstract

Purpose Autoimmune hepatitis (AIH) is an immune-mediated chronic liver disease that leads to severe fibrosis and cirrhosis.
The aim of this study was to determine the diagnostic value of T1 and T2 mapping as well as extracellular volume fraction
(ECV) for non-invasive assessment of liver fibrosis in AIH patients.

Methods In this prospective study, 27 patients (age range: 19-77 years) with AIH underwent liver MRI. T1 and T2 relaxa-
tion times as well as ECV were quantified by mapping techniques. The presence of significant fibrosis (>F2) was defined
as magnetic resonance elastography (MRE)-based liver stiffness >3.66 kPa. MRE was used as reference standard, against
which the diagnostic performance of MRI-derived mapping parameters was tested. Diagnostic performance was compared
by utilizing receiver-operating characteristic (ROC) analysis.

Results MRE-based liver stiffness correlated with both, hepatic native T1 (r=0.69; P <0.001) as well as ECV (r=0.80;
P <0.001). For the assessment of significant fibrosis, ECV yielded a sensitivity of 85.7% (95% confidence interval (CI):
60.1-96.0%) and a specificity of 84.6% (CI 60.1-96.0%); hepatic native T1 yielded a sensitivity of 85.7% (CI 60.1-96.0%);
and a specificity of 76.9% (CI 49.7-91.8%). Diagnostic performance of hepatic ECV (area under the curve (AUC): 0.885),
native hepatic T1 (AUC: 0.846) for assessment of significant fibrosis was similar compared to clinical fibrosis scores (APRI
(AUC: 0.852), FIB-4 (AUC: 0.758), and AAR (0.654) (P > 0.05 for each comparison)).

Conclusion Quantitative mapping parameters such as T1 and ECV can identify significant fibrosis in AIH patients. Future
studies are needed to explore the value of parametric mapping for the evaluation of different disease stages.

Keywords Autoimmune hepatitis - Magnetic resonance imaging - Magnetic resonance elastography
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AIH  Autoimmune Hepatitis

MRE Magnetic resonance elastography
ECV  Extracellular volume fraction
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has clear disadvantages, which include high clinical exper-
tise, high intra- and interobserver variability, risk of severe
periprocedural complications, and high cost. Also, serial
liver biopsies are not practical for long-term monitoring
of a patient’s treatment response. As fibrosis detection and
staging are important for treatment decisions and prognosis
estimation reliably non-invasive measurements are needed,
in these patients [1].

Magnetic resonance elastography (MRE) is currently
regarded the most accurate non-invasive technique for the
detection and staging of liver fibrosis [3-5]. Several studies
have demonstrated that the diagnostic performance of MRE
in this role is superior to that of transient elastography (TE)
[4, 6]. In particular, MRE is notable for its ability to accu-
rately diagnose mild fibrosis, which is difficult by TE [7].
However, also MRE has its drawbacks due to high techni-
cal failures rate, i.e., in patients with severe ascites or iron
overload [6, 8].

The concept of evaluating the T1 relaxation times in dif-
ferentiating normal from diseased livers was introduced in
the 1980s [9, 10]. Hepatic inflammation and fibrosis are
believed to increase the T1 relaxation time of liver paren-
chyma due to an increase in extracellular matrix and water
and protein concentration [11]. T1 mapping can depict even
small variations of T1 within a tissue and has been used
in cardiac imaging to detect myocardial edema, iron over-
load, myocardial infarcts, and scarring [12]. Furthermore,
T1 relaxation times can also be measured before and after
the administration of an extracellular contrast agent, which
allows the additional calculation of the extracellular volume
(ECV). ECV is a measure of the extracellular space and rep-
resents the tissue volume, which is not taken by cells [13].
ECYV values are calculated from the change in relaxation rate
(R1=1/T1) of blood and parenchyma corrected for the hem-
atocrit [14, 15]. Similarly, T2 mapping has been reported to
be useful in measuring hepatic fibrosis and potentially in
differentiating between different stages of liver fibrosis in
human and animal studies [15, 16, 22, 23]. Prolonged T2
relaxation times in regions of fibrosis are potentially attribut-
able to the coexistent inflammation and high water content
of the advanced fibrosis. There have been several studies
showing correlations between hepatic T1, T2, and ECV with
liver fibrosis in both animal and human models [15-21].

Therefore, the purpose of our explorative prospective
study was to evaluate the diagnostic utility of different
quantitative parametric magnetic resonance imaging (MRI)
parameters (T1, T2, and ECV) to diagnose liver fibrosis in
patients with ATH using MRE-based liver stiffness as a ref-
erence standard.

Material and methods

The institutional review board approved this prospec-
tive study, and all study participants provided written
informed consent prior to MRI examination. From June
2019 to March 2020, patients with AIH diagnosis were
consequently included in this study. Diagnosis of AIH was
based on diagnostic criteria of AIH, established by the
International Autoimmune Hepatitis Group (IAIHG) [24].
Also patients with overlap syndromes, which implies that
the predominant disease is AIH and that the concurrent
cholestatic features are background components [25], were
included.

All patients included in the study had no acute exacer-
bation at the time of MRI examination based on clinical
and laboratory findings with a good response to immu-
nosuppressive therapy. Model for end-stage liver disease
(MELD) was analyzed, and laboratory markers were
retrieved from the institutional medical information sys-
tem. Also, non-invasive scoring systems based on labora-
tory tests for assessment of liver fibrosis (aspartate ami-
notransferase-to-platelet ratio index (ARPI), fibrosis index
based on the 4 factor (FIB-4), and aspartate aminotrans-
ferase and alanine aminotransferase ratio (AST/ALT
ratio (de-Ritis)) were calculated as previously described
[26-28].

Multiparametric magnetic resonance imaging

All imaging was performed on a clinical whole-body 1.5 T
MRI system (Ingenia, Philips Healthcare) equipped with
32-channel abdominal coil with digital interface for sig-
nal reception. Besides morphological sequences, patients
underwent MRE and parametric mapping of the liver.
Liver MRE was implemented by 2D gradient-recalled
echo to acquire liver elasticity maps with motion-encod-
ing gradients (MEGs). Sequence parameters were as fol-
lows: time of repetition (TR) 50 ms, time of echo (TE)
20 ms, flip angle (FA) 20°, parallel imaging factor 2.3,
active driver frequency 60 Hz, active driver power 100%,
acquired voxel size 1.5x4.74 X 10 mm, reconstructed
voxel size 1.17x1.17 x 10 mm, scan duration/breath
hold 15.3 s, and 3 slices. The system configuration was
based on a pneumatically powered active wave driver and
a tube-connected and strap-secured passive driver placed
over the right liver lobe. Generated shear waves at a fixed
vibration frequency were coursing through the liver and
created tissue displacements, which could be detected
to generate magnitude and phase images. Phase shift of
magnetic resonance signal was measured at four different
phase offsets over one cycle of motion. Further analysis
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by integrated software (MR elastography View, Philips
Healthcare) allowed the creation of a quantitative elas-
togram (liver stiffness map). For hepatic T1 mapping a
heart rate-independent 10-(2)-7-(2)-5-(2)-3-(2), modi-
fied Look-locker inversion recovery (MOLLI) acquisition
scheme [29] with internal triggering was implemented.
The following technical parameters were applied: TR
1.92 ms, TE 0.84 ms, FA 20°, parallel imaging factor 2,
acquired voxel size 1.98 X 2.45 x 10 mm, reconstructed
voxel size 1.13x 1.13 X 10 mm, and scan duration/breath
hold 14.0 s. Post-contrast T1 maps using the same imag-
ing technique were performed 10 min after contrast injec-
tion in the same positions as pre-contrast examinations.
For contrast enhancement, the extracellular contrast agent
Gadobutrol (1.0 mmol/ml solution with 0.1 mmol per kilo-
gram of body weight, Gadovist, Bayer Healthcare Pharma-
ceuticals) was injected as a bolus at a rate of 1.5 ml/s and
followed by a 10 ml saline flush. For hepatic T2 mapping,
a six-echo gradient spin echo sequence (GraSE) was used
[30], and scan parameters: TR 450 ms, inter-echo spac-
ing 16 ms, FA 90°, parallel imaging factor 2.5, acquired
voxel size 1.98x2.01 X 10 mm, reconstructed voxel
size 0.88 X 0.88 X 10 mm, scan duration/breath h hold
15/3 x5 s. T1 and T2 mapping were performed in trans-
versal views covering liver parenchyma at the level of the
portal bifurcation. T1 and T2 relaxation maps were recon-
structed at the scanner console. Maps of proton density fat
fraction (PDFF) and T2* were achieved with a six-echo 3D
gradient-echo sequence (mDixon Quant, Philips Health-
care).The following parameters were applied: TR 7.8 ms,
TE 1.1 ms, FA 5°, parallel imaging factor 2, acquired
voxel size 1.99 X 1.99 X 6 mm, reconstructed voxel size
0.99 X 0.99 X 3 mm, scan duration/breath hold 15.0 s.

Image analysis

Image analyses were performed by an experienced board-
certified radiologist (J.A.L, 8 years of experience in abdomi-
nal MRI), blinded for the clinical information. For the
assessment of T1 and T2 relaxation times and PDFF, three
representative round regions of interest (ROIs) (minimum
of one cm?) were drawn centrally in three hepatic segments
(segments 2, 4a, and 7), and mean relaxation times were cal-
culated [31]. T1 values of the blood pool were obtained from
the abdominal aorta on the transversal maps. ECV values
were normalized for hematocrit and calculated with regions
of interest from pre- and post-contrast T1 values using the
following equation [32]: ECV = (1 —hematocrit)*(1/T1
parenchyma post-contrast — 1/T1 parenchyma pre-contrast)/
(1/T1 aortic post-contrast— 1/T1 aortic pre-contrast). Blood
hematocrit levels were determined on the day of examina-
tion. Liver tissue stiffness values were derived from stiffness
confidence map by drawing the largest possible freehand
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ROIs (minimum of one cm?) in three different representa-
tive regions of the liver. All patients were divided into two
groups, without (< fibrosis stage (F) 2) and with significant
fibrosis (>F2) according to the MRE-based liver stiffness.
According to the literature, a cut-off of 3.66 kPa was chosen
to differentiate between patients without and with significant
liver fibrosis. The cut-off values for F2, F3, and F4 were
3.66,4.11, and 4.71 kPa, respectively[4, 33].

Statistical analysis

Statistical analysis was performed using SPSS Statistics
(Version 25, IBM) and MedCalc (Version 19.1.3, Med-
Calc Software). Patient characteristics are presented as
mean + standard deviation or as absolute frequency. Con-
tinuous variables between two groups were compared using
Student ¢ test. Dichotomous variables were compared using
the 2 test (with the cell count greater than five) and Fisher
test (with a cell count less than or equal to five). The bivari-
ate Pearson correlation coefficient () was used for a cor-
relation analyses. Receiver operating characteristic analysis
(ROC) was performed to calculate areas under the curve
(AUC). AUCs were compared using the method proposed
by DeLong et al. [34]. Sensitivity, specificity, and accuracy
were calculated. MRE-based liver stiffness was the refer-
ence standard against which the diagnostic performance of
MRI-derived mapping parameters of liver was tested. A P
value < 0.05 was considered statistically significant.

Results
Cohort characteristics

A total of 27 patients with AIH diagnosis were included in
this study. 9/27 (33.3%) patients had an overlap syndrome.
At the time of MRI examination, 13/27 (48.1%) patients
received immunosuppressive therapy with budesonide alone;
8/27 (29.6%) patients received a combination of budeson-
ide with azathioprine; and 3/27 (11.1%) patients received
immunosuppressive therapy with azathioprine alone. There
were also 3/27 (11.1%) patients, who received no therapy at
the time of MRI examination. 13/27 (48.2%) patients had no
or not significant (< F2), and 14/27 (51.8%) had significant
(=F2) fibrosis. 1/14 (7.1%), 4/14 (28.6%), and 9/14 (64.3%)
patients had fibrosis stages F2, F3, and F4, respectively. The
mean age of patients with no significant fibrosis according
to the MRE was 46.6 + 18.6 years (range: 20-74 years), with
significant fibrosis 42.6 + 18.6 years (range: 19-77 years).
The mean body mass index (BMI) in patients with no
significant fibrosis was 26.9 +4.3 kg/m?, in patients with
significant fibrosis 23.5 +2.9 kg/m? (P=0.047). Age and
sex did not differ in both groups (P> 0.05). No significant



Abdominal Radiology (2021) 46:2458-2466 2461

Table.1 Clin.ical cha.rac.teristics Variable Patients with AIH and no sig-  Patients with AIH and sig- P value

(?f pat}ents without 51gn1ﬁcant nificant fibrosis (<F2, n=13) nificant fibrosis (>F2, n=14)

fibrosis (< F2) and with

significant fibrosis (> F2) Age (years) 46.6+18.6 42.6+18.6 0.585
Body mass index (kg/m?) 26.9+4.3 23.5+29 0.047
Sex 0.385

Male 2 (15.4%) 5(35.7%)
Female 11 (84.6%) 9 (64.3%)

Hematocrit level (%) 39.9+6.8 40.2+2.2 0911
MELD 7.4+2.8 79+3.1 0.666
Bilirubin (mg/dl) 0.56+0.49 1.27+0.78 0.011
ALT (U/1) 42.3+35.7 145.6+188.2 0.063
AST (U/) 30.3+16.5 90.6+97.1 0.045
GGT (U/) 93.5+145.1 171.7+189.9 0.243
Platelets cells x 10%/1 291.3+81.5 178.8+100.8 0.003
C-reactive protein level (mg/l)  7.2+5.3 5.1+8.8 0.539
AP (U/) 98.9+75.6 129.2+127.3 0.468
Creatinine (mg/dl) 0.71+0.16 0.79+0.21 0.315
Albumin (g/1) 41.3+4.0 42.3+6.3 0.717
International normalized ratio 1.12+0.35 1.08 +0.08 0.708
ASL/ALT (de-Ritis) 1.07+0.49 0.85+0.35 0.183
FIB-4 1.03+0.50 2.26+1.38 0.006
APRI 0.58+1.02 1.32+1.08 0.084

Continuous data are means + standard deviations. Nominal data are absolute frequencies with percentages

in parentheses

MELD score model of end-stage liver disease, ALT alanine aminotransferase, AST aspartate aminotrans-
ferase, AP alkaline phosphatase, GGT gamma-glutamyltransferase, APRI aspartate aminotransferase-to-
platelet ratio index, FIB-4 Fibrosis-4-Score, ASL/ALT (de-Ritis) De-Ritis-Quotient

differences were found between clinical fibrosis scores APRI
and AST/ALT ratio in both groups (P> 0.05). FIB-4 was
higher in the group with significant fibrosis (>F2) compared
to the group with no significant fibrosis (< F2) (P =0.006).
Clinical characteristics are summarized in Table 1.

MRI results

Compared to patients with ATH and no significant fibro-
sis (< F2), patients with significant fibrosis (>F2) had
markedly increased hepatic native T1 relaxations times

(548.8+40.7 ms vs. 620.3 +66.3 ms; P=0.003) and hepatic
ECV values (27.1+3.2% vs. 38.7+18.9%; P=0.039). There
were no significant differences in hepatic T2 relaxation
times between both groups (50.7 +£4.2 ms vs. 50.5+6.5 ms;
P=0.920). Also, no significant difference in fat fraction
was present in both groups (5.3 +4.6% vs. 3.2+1.5%,
P=0.135). MRE-based liver stiffness and hepatic paramet-
ric MRI results are given in Table 2. Furthermore, we found
a strong correlation between MRE-based liver stiffness and
hepatic native T1 (r=0.69, P<0.001) as well as hepatic
ECV (r=0.80, P<0.001, see also Fig. 1). There were also

Table 2 Hepatic magnetic resonance elastography characteristics of patients without (< F2) and with significant fibrosis (> F2)

Variable Patients with AIH and no significant Patients with AIH and significant P value
fibrosis (<F2, n=13) fibrosis (>F2, n=14)

MRE-based liver stiffness (kPa) 2.6+0.6 5.6+1.8 <0.001
Hepatic native T1 relaxation time (ms) 548.8+40.7 620.3+66.3 0.003
Hepatic extracellular volume fraction (%) 27.1+£3.2 38.7+18.9 0.039
Hepatic T2 relaxation time (ms) 50.7+4.2 50.5+6.5 0.920
Hepatic T2* relaxation time (ms) 31.1+52 32.5+59 0.537
Proton density fat fraction (%) 53+4.6 32+15 0.135
Continuous data are means = standard deviations
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Fig. 1 Scatter plots shows correlations between magnetic resonance elastography (MRE)-based liver stiffness and hepatic extracellular volume
fraction (a) and hepatic native T1 (b). Regression line is given with 95% confidence interval

significant correlations between clinical fibrosis scores such
as FIB-4 and APRI and hepatic native T1 (for both scores,
r=0.49, P <0.05). Also, hepatic ECV showed a significant
correlation with FIB-4 score (r=0.39, P=0.04). We found
no correlations between hepatic T2 and MRE-based liver
stiffness as well as clinical fibrosis scores (FIB-4 and AST/
ALT Ratio). A correlation matrix is given in Table 3. Repre-
sentative images from patients with and without significant
fibrosis are given in Fig. 2.

Diagnostic performance of parametric mapping
parameters

Several parametric mapping parameters were evaluated
regarding the diagnostic performance to diagnose signifi-
cant fibrosis (>F2). Regarding the overall diagnostic perfor-
mance, hepatic ECV revealed the highest diagnostic perfor-
mance with an AUC of 0.885, a sensitivity of 85.7%, and a
specificity of 84.6% (cut-off value: > 29.5%). There were no
significant differences in diagnostic performance of hepatic
ECV and clinical fibrosis scores for diagnosing significant
fibrosis: APRI (P=0.702), FIB-4 (P=0.138), and AST/
ALR ratio (de-Ritis) (P=0.058). Hepatic native T1 showed

also a high diagnostic performance with an AUC of 0.846, a
sensitivity of 85.7%, and a specificity of 76.9% to diagnose
significant fibrosis (cut-off value: > 565 ms). There were no
significant differences in diagnostic performance of hepatic
ECV and native T1 (P=0.550). Diagnostic performance
of hepatic native T1 also differs not significant compared
to the clinical fibrosis scores: APRI (P=0.956) and FIB-4
(P=0.346), AAR (P=0.123). Diagnostic performance
of hepatic T2 (AUC: 0.566) was significantly lower than
that of hepatic native T1 (P=0.006) and ECV (P =0.004).
Parameters of diagnostic performance for all other evalu-
ated parameters with sensitivities, specificities, accuracies,
positive and negative predictive values are given in Table 4.
A ROC curves graph for diagnosis of significant fibrosis is
given in Fig. 3.

Discussion

The purpose of our study was to evaluate the diagnostic util-
ity of different quantitative parametric MRI parameters for
the assessment of liver fibrosis using MRE-based liver stiff-
ness as a reference standard in patients with AIH. The main

Table 3 Correlation matrix for

> Variable Hepatic native T1 Hepatic T2 Hepatic ECV
quantitative MRI parameters
and clinical fibrosis scores r value P value r value P value r value P value
MRE-based liver stiffness 0.69 <0.001 0.03 0.903 0.80 <0.001
FIB-4 0.49 0.010 —-0.09 0.625 0.39 0.04
APRI 0.49 0.009 0.42 0.031 0.23 0.25
AST/ALT ratio (de-Ritis) - 0.06 0.775 -0.23 0,260 0.02 0.92

@ Springer

ECYV extracellular volume fraction, MRE magnetic resonance elastography, FIB-4 Fibrosis-4-Score, ASL/

ALT ratio (de-Ritis) De-Ritis-Quotient, APRI aspartate aminotransferase-to-platelet ratio index

26



Abdominal Radiology (2021) 46:2458-2466

2463

Fig.2 Representative images of
hepatic native T1 and extracel-
lular volume (ECV) maps and
magnetic resonance elastogram
(MRE) from patients with no
significant fibrosis (< F2, a) and
patient with significant fibrosis
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findings of our study are that (1) hepatic ECV a native T1
showed a strong correlation with MRE-based liver stiffness
and, (2) hepatic ECV and T1 showed a high diagnostic per-
formance to diagnose significant fibrosis (>F2) in patients
with ATH.

The development of liver fibrosis is a dynamic pro-
cess characterized by the excessive extracellular matrix
accumulation produced by fibrogenic cell populations
in response to injury and inflammation. Advanced liver
disease is characterized by increased production and
decreased destruction of the extracellular matrix [35].
Consequently, an increased ECV leads to increased accu-
mulation of extracellular MRI contrast agent in the extra-
cellular space. Therefore, fibrosis is believed to increase
the T1 relaxation time and ECV of the liver due to an
increase in extracellular water and protein concentration.

Moreover, recently published studies have already shown
positive correlations between hepatic T1, T2, and ECV
with liver fibrosis in both animal and human models [15,
18-20, 36]. There are also studies showing positive corre-
lations between T1, T2 mapping parameters and MRE with
liver fibrosis, however, without focusing on AIH patients
[21, 37]. One of the most studied tools for non-invasive
assessment of liver fibrosis in patients with AIH is liver
stiffness measurement derived by TE (FibroScan) [38, 39].
Yet, it has limited diagnostic value and poor reproducibil-
ity and observer dependency, especially in patients with
ascites and obesity [40]. There is one study, mention-
ing quantitative MRI techniques for prediction of portal
hypertension in children and young adults with autoim-
mune liver disease [41]. There is still no literature directly
showing correlations between MRE-based liver stiffness
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Table 4 Diagnostic performance of different quantitative MRI parameters for assessment of MRE-derived liver stiffness in patients with autoim-

mune hepatitis and without (< F2) and with significant (>F2) fibrosis

Variable AUC Cutoff value Sensitivity (%)  Specificity (%) PPV (%) NPV (%) Accuracy (%)
Hepatic extracel-  0.885 (0.703— >29.5 85.7 (60.1-96.0) 84.6 (57.8-95.7) 85.7 (60.1-96.0) 84.6 (57.8-95.7) 85.2 (67.5-94.1)
lular volume 0.973)
fraction (%)
Hepatic native T1 0.846 (0.656— >565 85.7 (60.1-96.0) 76.9 (49.7-91.8) 85.7 (60.1-96.0) 76.9 (49.7-91.8) 81.5(63.3-91.8)
(ms) 0.954)
Hepatic T2 (ms)  0.566 (0.363— <49.2 50.0 (26.8-73.2) 69.2 (42.4-87.3) 63.6 (35.4-84.8) 56.3 (33.2-76.9) 59.3 (40.7-75.5)
0.754)
APRI score 0.852 (0.662— >0.521 85.7 (60.1-96.0) 76.9 (49.7-91.8) 80.0 (54.8-93.0) 83.3 (55.2-95.3) 81.5(63.3-91.8)
0.957)
FIB-4 score 0.758 (0.556— >2.055 57.1 (32.6-78.6) 92.3 (66.7-98.6) 61.5(35.5-82.3) 85.7 (60.1-96.0) 74.1 (55.3-86.8)
0.900)
ALT/AST ratio 0.654 (0.448- <0.976 78.6 (52.4-92.4) 53.8 (29.1-76.8) 64.7 (41.3-82.7) 70.0 (39.7-89.2) 66.7 (47.8-81.4)
(de-Ritis) 0.825)
MELD score 0.654 (0.448- >6 78.6 (52.4-92.4) 61.5(35.5-82.3) 68.8 (44.4-85.8) 72.7 (43.4-90.3) 70.4 (51.5-84.1)
0.825)

Data in parentheses are 95% confidence interval

PPV positive predictive value, NPV negative predictive value, MELD score model of end stage liver disease, APRI aspartate aminotransferase to
platelet ratio index, FIB-4 fibrosis-4-score; ASL/ALT ratio (de-Ritis): De-Ritis-Quotient

and MRI mapping parameter and its potential for detecting
and staging liver fibrosis, focusing on patients with ATH.

Taken MRE-based liver stiffness as a reference stand-
ard, we found a strong correlation between hepatic ECV
and liver stiffness (r=0.80; P <0.001) in patients with
AIH. Furthermore, hepatic ECV showed a high diagnos-
tic performance for detecting a significant fibrosis (F>2)

100 =
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_-E‘ 60+ T1 liver
= ECV liver
‘" 40— 3 T2 liver
g _I ) APRI score
) / o - FIB-4 score
20— 4t —— AST/ALT (de-Ritis)
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01— T T T 1
0 20 40 60 80 100
Specificity (%)

Fig.3 Graph show receiver-operating characteristic curves for diag-
nosis of significant fibrosis in patients with autoimmune hepatitis
(=F2). Curves are given for hepatic T1 relaxation times (area under
curve [AUC]: 0.846), hepatic ECV (AUC: 0.885), hepatic T2 relaxa-
tion times (AUC: 0.566), APRI (AUC: 0.852), FIB-4 score (0.758),
ALT/AST ratio (de-Ritis) (AUC: 0.654), and MELD score (AUC:
0.654)
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in patients with AIH with an AUC of 0.885. Moreover,
although it is not statistically significant, the diagnostic
performance of hepatic ECV was higher to that of all
non-invasive serologic tests. One drawback of the clinical
scores is that fibrotic and inflammatory changes outside
of the liver contribute to false positive results and, there-
fore, cannot be considered as liver specific. At the same
time, quantitative mapping parameters, including ECV
reflects directly the changes in the liver parenchyma itself.
Furthermore, the use of ECV measurements seems to be
beneficial, because on the one side, compared with con-
ventional hepatic T1 and T2 mapping, it does not depend
on parameters in image acquisition and the magnetic field
strength. Therefore, ECV is physiologically normalized
measure. Moreover, compared to MRE, its diagnostic
quality might not be affected by obesity or ascites. Also,
ECYV calculation is possible on every MRI system, and
no an additional expensive hardware is needed, which
might be another advantage over MRE. The other mapping
parameter, which showed high diagnostic performance in
diagnosing significant fibrosis, is native hepatic T1 (AUC
0.846). Like ECV, T1 mapping seems to be more liver
specific than laboratory markers as changes in hepatic T1
are measured directly in the liver parenchyma. In contrast
to a previous study [21], which also showed positive cor-
relation between MRE-based liver stiffness and hepatic T1
mapping (r=0.49), our correlation was stronger (r=0.69),
likely because of the heterogeneous group of patients in
the previous study with liver disease of different etiolo-
gies (including hepatitis B and C, non-alcoholic fatty liver
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disease, AIH, primary sclerosing cholangitis, and primary
biliary cholangitis).

In contrast to previous data [21], we did not find sig-
nificant correlation between T2 relaxation times and MRE-
based liver stiffness in patients with AIH. Nevertheless, in
the previous study, just poor to moderate correlation between
T2 and T1 mapping as well as MRE was found. Generally,
T2 mapping of the liver has not been validated in the clinical
setting. Just a limited number of animal and human studies
have shown that fibrosis can prolong the T2 relaxation time
of the liver [21, 23]. It might be assumed that T2 relaxation
time, similar to cardiac imaging, is might be increased in
regions of fibrosis with coexistence of inflammation, due
to increased water content [23]. Therefore, the absence of
significant differences in both groups can be explained by
the same inflammatory activity in the liver at the time of
examination.

There are several limitations in this study. The main limi-
tation was the absence of liver biopsy as a reference standard
at the time of MRI examination. Liver biopsy with its clear
drawbacks was performed only once for initial diagnosis.
Liver biopsies for follow-up, however, are not routine clini-
cal practice in our clinic, and therefore, ethics committee
approval would have been unobtainable. Therefore, MRE-
based liver stiffness was considered as a reference stand-
ard for the assessment of different liver fibrosis stages. T1
and T2 maps were acquired in a single transverse section
at the level of the bifurcation of portal vein and, therefore,
may have missed other significant changes, which probably
occurred in other planes. Furthermore, our T1 measurements
were not corrected for hepatic steatosis or hepatic/splenic
iron overload, which might impair correct assessment of T1
values. However, there was no patient in our study collec-
tive with relevant steatosis as well as iron overload. Another
limitation of our study was that the reading of all cases was
performed only by one experienced radiologist. Addition-
ally, the sample size was rather small and most patients in
the advanced fibrosis group had F4 fibrosis, which might
limit the overall applicability of our results. The study results
have to be considered as preliminary, and further prospec-
tive studies using liver biopsy as the reference standard are
necessary to confirm the accuracy and usefulness of ECV
and other MRI parameters for assessment and follow-up of
liver fibrosis in patients with AIH.

In conclusion, in our prospective study, we found strong
correlations between quantitative hepatic MRI-derived map-
ping parameters including ECV and MRE-based liver stiff-
ness. T1 mapping techniques with ECV calculation might
provide additional diagnostic information over conventional
MRI and over laboratory markers by non-invasive quantifi-
cation and assessment of fibrotic liver changes in patients
with AIH, without the need of additional equipment.
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Purpose - The purpose of this study was to investigate the utility of T1 and T2 mapping
parameters, including extracellular volume fraction (ECV) for non-invasive assessment of

fibrosis severity in patients with PSC.

Methods -In this prospective study, patients with PSC diagnosis were consecutively enrolled
from January 2019 to July 2020 and underwent liver MRI. Besides morphological sequences,
MR elastography (MRE), and T1 and T2 mapping were performed. ECV was calculated from T1
relaxation times. The presence of significant fibrosis (> F2) was defined as MRE-derived liver
stiffness > 3.66 kPa and used as the reference standard, against which the diagnostic
performance of MRl mapping parameters was tested. Student t test, ROC analysis and Pearson

correlation were used for statistical analysis.

Results - 32 patients with PSC (age range 19-77 years) were analyzed. Both, hepatic native T1
(r=0.66; P <0.001) and ECV (r = 0.69; P < 0.001) correlated with MRE-derived liver stiffness.
To diagnose significant fibrosis (> F2), ECV revealed a sensitivity of 84.2% (95% confidence
interval (Cl) 62.4-94.5%) and a specificity of 84.6% (Cl 57.8-95.7%); hepatic native T1 revealed
a sensitivity of 52.6% (Cl 31.7-72.7%) and a specificity of 100.0% (CI 77.2-100.0%). Hepatic ECV
(area under the curve (AUC) 0.858) and native T1 (AUC 0.711) had an equal or higher
diagnostic performance for the assessment of significant fibrosis compared to serologic

fibrosis scores (APRI (AUC 0.787), FIB-4 (AUC 0.588), AAR (0.570)).

Conclusions - Hepatic T1 and ECV can diagnose significant fibrosis in patients with PSC.
Quantitative mapping has the potential to be a new non-invasive biomarker for liver fibrosis

assessment and quantification in PSC patients.
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Abstract

Background: Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease, characterized by bile duct
inflammation and destruction, leading to biliary fibrosis and cirrhosis. The purpose of this study was to investigate the
utility of T1 and T2 mapping parameters, including extracellular volume fraction (ECV) for non-invasive assessment of
fibrosis severity in patients with PSC.

Methods: In this prospective study, patients with PSC diagnosis were consecutively enrolled from January 2019 to
July 2020 and underwent liver MRI. Besides morphological sequences, MR elastography (MRE), and T1 and T2 map-
ping were performed. ECV was calculated from T1 relaxation times. The presence of significant fibrosis (> F2) was
defined as MRE-derived liver stiffness > 3.66 kPa and used as the reference standard, against which the diagnostic
performance of MRI mapping parameters was tested. Student t test, ROC analysis and Pearson correlation were used
for statistical analysis.

Results: 32 patients with PSC (age range 19-77 years) were analyzed. Both, hepatic native T1 (r=0.66; P<0.001) and
ECV (r=0.69; P<0.001) correlated with MRE-derived liver stiffness. To diagnose significant fibrosis (> F2), ECV revealed
a sensitivity of 84.2% (95% confidence interval (Cl) 62.4-94.5%) and a specificity of 84.6% (Cl 57.8-95.7%); hepatic
native T1 revealed a sensitivity of 52.6% (Cl 31.7-72.7%) and a specificity of 100.0% (Cl 77.2-100.0%). Hepatic ECV (area
under the curve (AUC) 0.858) and native T1 (AUC 0.711) had an equal or higher diagnostic performance for the assess-
ment of significant fibrosis compared to serologic fibrosis scores (APRI (AUC 0.787), FIB-4 (AUC 0.588), AAR (0.570)).

Conclusions: Hepatic T1 and ECV can diagnose significant fibrosis in patients with PSC. Quantitative mapping has
the potential to be a new non-invasive biomarker for liver fibrosis assessment and quantification in PSC patients.

Keywords: Primary sclerosing cholangitis, Magnetic resonance elastography, Extracellular volume fraction

Background
Primary sclerosing cholangitis (PSC) is a rare cholestatic
liver disease, leading to biliary fibrosis and cirrhosis. PSC

*Correspondence: julian.luetkens@ukbonn.de is believed to be immune-mediated, however, the eti-
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PSC is a long-term, progressive inflammation followed
by fibrosis of the intra- and extrahepatic bile ducts [1,
2]. PSC has a strong male predominance and is often
associated with other immune-mediated diseases such
as inflammatory bowel disease (IBD, e.g. ulcerative coli-
tis) and autoimmune hepatitis (AIH). To date, there are
several reports of therapy showing effect in PSC, but no
established medical therapy with proven effect on trans-
plant-free survival [3, 4]. According to the guidelines of
the European (EASL) and American (AASLD) Associa-
tions for the Study of Liver Diseases, magnetic resonance
imaging (MRI) including MR-cholangiography has been
established as the standard imaging modality when PSC
is suspected [5, 6]. As for any other chronic liver disease,
early detection of fibrotic changes of liver parenchyma
with fibrosis staging, evaluation of disease activity and
severity, prognosis estimation as well as malignancy
exclusion (e.g. cholangiocarcinoma and/or hepatocel-
lular carcinoma) are of great clinical importance. There-
fore, diagnostic approaches enabling these efficiently and
non-invasively in the same clinical setting without adding
costs and burdens in patients’ care are required [7, 8].

Over the last decades, MRI techniques have undergone
significant advancement from a qualitative to quantita-
tive approach, offering the opportunity for the develop-
ment of objective and reproducible imaging biomarkers
that can be incorporated into clinical routine [9]. To date,
magnetic resonance elastography (MRE) is considered to
be a safe noninvasive technique with excellent diagnostic
accuracy for liver fibrosis assessment [10-13], and rou-
tine liver biopsy is no longer recommended for fibrosis
staging in PSC [5, 6]. However, MRE requires additional
expensive equipment and is only available in specialized
centers. Therefore, ubiquitously available quantitative
imaging techniques might be desirable that can encom-
pass a major portion of the liver.

Initially extensively used in cardiac imaging for the
detection and quantification of cardiac fibrosis and
inflammation, quantitative T1 and T2 mapping tech-
niques [14], might also be promising MRI techniques for
the evaluation of liver parenchyma. According to current
studies, hepatic fibrosis increases the T1 and T2 relaxa-
tion time of liver parenchyma due to an increase of extra-
cellular matrix and protein concentration [15-17]. T1
mapping techniques also allow the estimation of extra-
cellular volume fraction (ECV) from native and post-
contrast T1. ECV is a biomarker of the extracellular space
and reflects tissue volume which is not taken by cells [18].
ECV can be calculated from the change in relaxation rate
(R1=1/T1) of blood and parenchyma corrected for the
hematocrit [17, 19]. Although several studies investigated
the role of T1 and T2 mapping techniques as well as ECV
for liver fibrosis assessment [16, 17, 20-23], reliable data
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investigating these techniques in patients with PSC are
still missing. Therefore, the goal of the present study was
to explore the diagnostic value of MRI mapping param-
eters, including ECV to diagnose significant fibrosis in
PSC patients using MRE-derived liver stiffness as a refer-
ence standard.

Methods

This study was approved by the institutional review
board and was conducted in compliance with the ethical
standards set in the 1964 Declaration of Helsinki as well
as its later amendments. Written informed consent was
obtained from all participants prior to MRI examination.
Consecutive patients of the University Hospital of Bonn
with diagnosis of PSC were prospectively enrolled from
January 2019 to July 2020. Diagnosis of PSC was based
on diagnostic criteria of PSC established by the EASL
[6]. Patients with additional features of AIH and accom-
panying IBD were also included. Exclusion criteria were
as follows: (1) concomitant diagnosis of other chronic
liver diseases, including hepatic steatosis and iron over-
load; (2) contraindications for MRI; (3) acute ascending
cholangitis; (4) cholangiocarcinoma or hepatocellular
carcinoma; (5) previous liver transplant; (6) small-duct
PSC; (7) insufficient imaging quality or absence of labora-
tory tests at the time of MRI examination. Additionally,
data of liver stiffness measurements derived by transient
elastography (TE, FibroScan) were analyzed. A cut-
off value of 8.6 kPa was chosen to differentiate between
patients without (< F2) and with (>F2) significant fibro-
sis [24]. Biochemical blood analyses were performed
using standard tests and non-invasive serologic fibrosis
scores (aspartate aminotransferase to platelet ratio index
(APRI), fibrosis index based on the 4 factor (FIB-4) and
aspartate aminotransferase and alanine aminotransferase
ratio (AST/ALT ratio (de-Ritis)) were calculated [25-27].
All clinical data and laboratory markers were recorded
from the patient charts. None of the patients of the study
cohort had acute exacerbation of PSC, IBD and AIH
at the time of MRI examination based on clinical and
laboratory findings and received symptomatic therapy
according to current guidelines [6].

Multiparemetric MRI

All liver MRI were performed on a clinical whole-body
1.5 T system (Ingenia, Philips Healthcare) equipped
with 32-channel abdominal coil with digital interface
for signal reception. Liver MRE and T1 and T2 map-
ping were performed in addition to morphological
sequences. For liver MRE, a 2D gradient-recalled echo
with added cyclic motion encoding gradients (MEGs)
sequence with the following parameters was applied:
time of repetition (TR)/time of echo (TE) 50/20 ms,
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flip angle (FA) 20°, parallel imaging factor 2.3, active
driver frequency 60 Hz, active driver power 100%,
field of view (FOV) 450 x 403 x 32 mm, acquired voxel
size 1.50x4.74x10 mm, reconstructed voxel size
1.17 x 1.17 x 10 mm?, scan duration/breath hold 15.3 s, 3
slices. The system configuration was based on an active
pneumatic driver connected via plastic tube with a pas-
sive driver, which was placed at the patient’s right upper
quadrant. MRE involves (a) generation of shear waves
in the tissue, (b) acquisition of MR images, (c) depict-
ing the propagation of the induced shear waves, and (d)
postprocessing of the share waves to generate quantita-
tive liver stiffness maps using implemented vendor’s
software (MR elastography View, Philips Healthcare).
For hepatic T1 mapping, we used a heart rate independ-
ent 10-(2)-7-(2)-5-(2)-3-(2) modified Look-Locker inver-
sion recovery (MOLLI) acquisition scheme with internal
triggering [28]. Technical parameters were as follows:
TR/TE 1.92/0.84 ms, FA 20°, parallel imaging factor 2,
acquired voxel size 1.98 x 2.45 x 10mm?3, reconstructed
voxel size 1.13x 1.13x 10 mm?, scan duration/breath
hold 14 s. For the post-contrast T1 maps the same tech-
nique was used after 10 min of contrast agent applica-
tion in the same positions as pre-contrast examinations.
For contrast enhanced T1 mapping, a gadolinium-based
contrast agent (Gadobutrol, 1.0 mmol/ml solution with
0.1 mmol per kilogram of body weight, Gadovist, Bayer
Healthcare Pharmaceuticals) was administered as a sin-
gle bolus with an injection rate of 1.5 ml/s. Hepatic
T2 mapping was performed using a six-echo gradi-
ent spin echo sequence (GraSE) with the following
parameters [29]: TR/TE 450/16 ms, inter-echo spac-
ing 16 ms, FA 90°, parallel imaging factor 2.5, acquired
voxel size 1.98x2.01x10 mm, reconstructed voxel
size 0.88x0.88x 10 mm, scan duration/breath hold
15/3 x5 s. Hepatic quantitative maps were acquired in
a single transversal slice slightly above the liver hilum.
Relaxation maps were reconstructed at the scanner
console.

Image analysis

An experienced board-certified radiologist (J.A.L, 8 years
of experience in abdominal MRI) performed image anal-
yses, blinded to the clinical data. For the assessment of
T1 and T2 relaxation times, the mean relaxation time of
three representative regions of interest (ROI) was cal-
culated. ROIs were drawn centrally in the hepatic seg-
ments II, IVa and VII within liver parenchyma away
from confounding factors like organ borders, vessels or
bile ducts. Blood pool T1 values were derived from the
abdominal aorta. ECV was calculated with ROI-based
on pre- and post-contrast T1 values according to the
previously published equation [30]. Hematocrit samples
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were derived on the same day prior to MRI examination.
Liver tissue stiffness values were derived from stiffness
confidence map by drawing largest possible ROIs (>1
cm?) in at least three different representative regions of
the liver. Based on MRE-derived liver stiffness, all study
participants were divided into two groups, first, without
(< fibrosis stage F2) and second, with significant fibrosis
(=F2). To differentiate between patients with and with-
out significant liver fibrosis a cutoff value of 3.66 kPa was
chosen [31].

Statistical analysis

All data were analyzed using software (SPSS Statistics,
version 25, IBM, MedCalc, version 19.1.3, MedCalc).
Patient characteristics are presented as mean =+ standard
deviation, as absolute frequency or median, as appropri-
ate. Student ¢ test was used for comparison of continuous
variables between two different groups. Dichotomous
variables were compared using the x* test (with the cell
count >5) and Fisher test (with a cell count <5). Bivariate
Pearson correlation coefficient or Spearman’s rank cor-
relation coefficient were used for a correlation analyses,
as appropriate. Receiver operating characteristic analy-
sis (ROC) was used to determine the cut-points with the
highest combined sensitivity and specificity, positive pre-
dictive values (PPV), negative predictive values (NPV)
and accuracy using MRE-derived liver stiffness as a ref-
erence standard. DeLong method was used to compare
areas under the curves (AUCs) [32]. MRE-derived liver
stiffness as well as liver stiffness derived by TE were the
reference standards against which the diagnostic per-
formance of MRI-derived mapping parameters of liver
was tested. The level of statistical significance was set to
P<0.05.

Results

Cohort characteristics

A total of 32 patients with diagnosis of large-duct PSC
were included in this study. Based on MRE-derived stiff-
ness values, 40.6% (13/32) patients had no (<F2) and
59.4% (19/32) had significant (> F2) fibrosis. 15.8% (3/19),
21.1% (4/19), and 63.1% (12/19) patients had fibrosis
stages F2, F3 and F4, respectively. 18.7% (6/32) patients
had additional features of AIH. There were 61.5% (8/13)
patients with intrahepatic biliary changes only and 38.5%
(5/13) patients with both intra- and extrahepatic bile duct
changes in patients without significant fibrosis (< F2) and
73.7% (14/19) and 26.3% (5/19) in the group of patients
with significant fibrosis (>F2), respectively. In patients
without significant fibrosis (<F2), there were 15.4%
(2/13) patients with and 84.6% (11/13) with no imag-
ing features of portal hypertension (varices, splenomeg-
aly, and/ or ascites). In patients with significant fibrosis
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(> F2) there were 52.6% (10/19) patients with and 47.4%
(9/19) patients without imaging features of portal hyper-
tension (P=0.03). The mean age of the disease onset in
the group of patients without significant fibrosis was
38.4+7.5 years, with significant fibrosis 31.1+12.5 years.
At the time of MRI examination, 40.6% (13/32) patients
received therapy with ursodeoxycholic acid (UDCA)
alone; 31.3% (10/32) patients received a combination of
5-aminosalicylic acid (5-ASA) with UDCA due to accom-
panying IBD; 12.5% (4/32) patient the combination of
corticosteroids (budesonide) with UDCA due to overlap
with AIH. 20.0% (5/32) patients received no therapy at
the time of MRI examination. Clinical characteristics are
summarized in Tablel. Additionally, 18/32 patients had
TE examination within 6 month to MRI examination (the
mean interval between MRI examination and TE was
66.3 +48.0 days).

Transient elastography results

Based on liver stiffness measurements derived by TE
44.4% (8/18) patients had no (< F2) and 55.6% (10/18) had
significant fibrosis (>F2). The mean value of liver stiff-
ness measurements derived by TE in patients without
(<F2) was 5.71+0.8 kPa and in patients with significant
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fibrosis (>F2) 23.14+20.3 kPa (P=0.024). We found
significant correlations between liver stiffness measure-
ments derived by TE and MRE (r=0.78, P<0.001) as well
as hepatic ECV (r=0.52, P=0.026). ECV was significant
higher in patients with significant fibrosis according to
TE (32.2+£5.7% vs. 27.1 +1.4%; P=0.023).

Based on TE analysis, hepatic ECV revealed a diagnos-
tic performance with an AUC of 0.815, a sensitivity of
77.8% and a specificity of 66.7% to diagnose significant
fibrosis (cutoff value: 27.7%). Hepatic native T1 showed
also high diagnostic performance with an AUC of 0.870,
a sensitivity of 77.8% and a specificity of 88.9% to diag-
nose significant fibrosis (cutoff value: >559 ms). Hepatic
T2 achieved an AUC of 0.753, a sensitivity of 55.6% and a
specificity of 100.0% (cutoff value: >53.3 ms).

MRI results

Hepatic native T1 as well as ECV were remarkably
increased in the group of patients with significant fibrosis
(> F2) compared to the group of patients without signifi-
cant fibrosis (<F2): 559.6 +56.3 ms vs. 522.8 +33.2 ms,
P=0.043, and 30.5+£4.4% vs. 26.3+1.9%, P=0.003,
respectively (see also Fig. 1). We found no significant
differences in hepatic T2 relaxation times between

Table 1 Clinical characteristics of patients without significant fibrosis (< F2) and with significant fibrosis (> F2)

Variable PSC patients without significant fibrosis PSC patients with significant fibrosis (> F2, P value
(<F2,n=13) n=19)
Age (years) 4314+128 395£175 0.531
Body mass index (kg/mz) 238+29 248+38 0439
Sex 0.246
Male 7 (53.8%) 4/19 (21.1%)
Female 6 (46.2%) 15 (78.9%)
Hematocrit level (%) 43+4 42+6 0.526
Bilirubin (mg/dl) 056£0.25 1.194£0.98 0.031
ALT (U/1) 52.14£553 11814929 0.029
AST (U/1) 334£114 819+46.6 0.001
GGT (U/1) 1555+ 116.7 240.3+180.5 0.147
Platelets cells x 10%/1 291.2+81.1 2485+130.7
C-reactive protein level (mg/l) 124+£2238 21+£15 0.221
AP (U/I) 285841816 140.8+454 0.013
Creatinine (mg/dl) 0.79+£0.09 0.79+0.14 0.946
Albumin (g/1) 459432 428453
International normalized ratio 1.08+0.28 1.05+0.12 0.683
ASL/ALT (de-Ritis) 0.85+0.28 0824033 0.798
FIB-4 0.85+£0.62 1.84+2.86 0.232
MELD 6.69£2.21 747 £246 0919
APRI 031£0.19 094£1.10 0.052
Mayo score —1.09+0.54 003£134 0.012

Continuous data are means =+ standard deviations. Nominal data are absolute frequencies with percentages in parentheses

MELD, Score Model of End Stage Liver Disease; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; AP, Alkaline phosphatase, GGT, Gamma-
glutamyltransferase; APRI, aspartate aminotransferase to platelet ratio index; FIB-4, Fibrosis-4-Score; ASL/ALT (de-Ritis), De-Ritis ratio
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Fig. 1 Representative images of hepatic native T1 and extracellular volume (ECV) maps and magnetic resonance elastogram (MRE) from patient
without significant fibrosis (<F2, a) and patients with significant fibrosis (> F2, b and c). Figure exemplarily illustrates alterations in quantitative
hepatic parameters found in our study. ECV: extracellular volume fraction, F: fibrosis stage
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both groups (48.9+3.2 ms vs. 52.8+7.9 ms; P=0.108).
Also, fat fraction differed not significantly between both
groups (4.6£3.5% vs. 3.1£1.9%, P=0.153). All MRI
parameters are given in Table 2. A parameter correlation
matrix is given in Table 3.

Diagnostic performance of MRI-derived mapping
parameters

Analysis of the diagnostic performance of MRI-derived
mapping parameters for diagnosing significant fibrosis

(>F2) was performed. According to the ROC analysis
among all mapping parameters, hepatic ECV and native
T1 demonstrated the best diagnostic performances with
an AUC of 0.858 and 0.711, respectively, which were also
comparable (P=0.113). Hepatic ECV provided a sensi-
tivity of 84.2% (95% confidence interval (CI) 62.4—94.5%),
and a specificity of 84.6% (CI 57.8—95.7%). Hepatic native
T1 provided a sensitivity of 52.6% (CI 31.7-72.7%) and
specificity of 100.0% (CI 77.2—100.0%). Diagnostic per-
formance of hepatic ECV was significantly higher when

Table 2 Hepatic MRI characteristics of patients without (< F2) and with significant fibrosis (> F2)

Variable PSC patients without significant fibrosis ~ PSC patients with significant fibrosis P value
(<F2,n=13) (>F2,n=19)

MRE-derived liver stiffness (kPa) 32403 54+14 <0.001
Hepatic native T1 relaxation time (ms) 52284332 5596+56.3 0.043
Hepatic extracellular volume fraction (%) 263+19 30.5+44 0.003
Hepatic T2 relaxation time (ms) 489+3.2 528+79 0.108
Hepatic T2* relaxation time (ms) 306+33 329484 0.370
Proton density fat fraction 46435 31£19 0.153

Continuous data are means + standard deviations
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Table 3 Correlation matrix for quantitative MRI parameters and clinical fibrosis scores

Variable Hepatic native T1 Hepatic T2 Hepatic ECV

rvalue P value rvalue p value rvalue p value

MRE-derived liver stiffness 0.66 <0.001 041 0.021 0.69 <0.001
FIB-4 0.21 0.276 0.13 0.501 0.46 0.011
APRI 0.20 0.284 0.18 0.352 049 0.005
AST/ALT ratio (de-Ritis) 0.21 0.264 0.33 0.077 0.24 0.199
Mayo score 0.37 0.048 041 0.026 0.51 0.004

ECV, extracellular volume fraction. MRE, Magnetic resonance elastography, FIB-4, Fibrosis-4-Score; ASL/ALT ratio (de-Ritis), De-Ritis ratio, APRI, aspartate

aminotransferase to platelet ratio index

Table 4 Diagnostic performance of different quantitative MRI parameters for and the assessment of liver fibrosis in patients without

(<F2) and with significant (> F2) fibrosis

Variable AUC Cutoff value  Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Hepatic native T1 (ms) 0711 >562.7 526 (31.7-72.7) 100.0 (77.2-100.0) 100.0 (72.2-100.0)  59.1 (38.7-76.7) 719 (54.6-84.4)
Hepatic extracellular 0.858 >27.2 84.2 (62.4-94.5) 84.6 (57.8-95.7) 88.9 (67.2-96.9) 786(524-924)  84.4(68.2-93.1)

volume fraction (%)

Hepatic T2 (ms) 0.686 >52.0 579 (36.3-76.9) 92.3 (66.7-98.6) 91.7 (64.6-98.5) 60.0 (38.7-78.1)  71.9(54.6-84.4)
APRI score 0.787 >041 64.7 (41.3-82.7) 84.6 (57.8-95.7) 84.6 (57.8-95.7) 64.7 (41.3-82.7)  73.3(55.6-85.8)
FIB-4 score 0.588 >1.2 353(17.3-58.7) 76.9 (49.7-91.8) 66.7 (35.4-87.9) 47.6(283-676)  53.3(36.1-69.8)
ALT/AST ratio (de-Ritis) ~ 0.570 <0.76 58.8 (36.6-784) 69.2 (42.4-87.3) 714 (454-88.3) 56.3(33.2-76.9)  63.3(45.5-78.1)
MELD score 0.680 >6 526(31.7-72.7) 84.6 (57.8-95.7) 83.3(55.2-95.3) 55.0(34.2-742) 656 (483-79.6)

Data in parentheses are 95% confidence interval

PPV, positive predictive value, NPV, negative predictive value, MELD, Score Model of End Stage Liver Disease; APRI, aspartate aminotransferase to platelet ratio index;

FIB-4, Fibrosis-4-Score; ASL/ALT ratio (de-Ritis), De-Ritis ratio

compared to the evaluated fibrosis scores FIB-4 and de-
Ritis ratio (P values: 0.028 and 0.016, respectively) and
equal when compared to the APRI and MELD scores
(P values: 0.523 and 0.123, respectively). Furthermore,
in contrast to ECV, diagnostic performance of hepatic
native T1 was comparable with that of all evaluated sero-
logical fibrosis scores: APRI (0.711 vs. 0.787, P=0.336),
FIB-4 (0.711 vs. 0.588, P=0.475), de-Ritis ratio (0.711 vs.
0.570, P=0.370). Hepatic T2 also performed well, how-
ever, with diagnostic performance expressed as AUC sig-
nificantly lower when compared to hepatic ECV (AUC
0.686 vs. 0.858, P=0.006) and equal when compared to
hepatic native T1 (0.686 vs. 0.711, P=0.196). Hepatic
T2 provided a sensitivity of 57.9% (CI 36.3-76.9%) and a
specificity of 92.3% (CI 66.7-98.6%). All values of diag-
nostic performance statistics for evaluated laboratory
and mapping parameters are presented in Table 4, see
also Fig. 2.

Discussion

The study aimed to investigate the diagnostic value of
different MRI mapping parameters including ECV for
the evaluation of liver fibrosis using MRE-derived liver
stiffness as a reference standard in PSC patients. The
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Fig. 2 Graphs show receiver operating characteristic curves of
different MRI and laboratory markers for diagnosis of significant
fibrosis in patients with primary sclerosing cholangitis (> F2).

Curves are given for hepatic T1 relaxation times (area under curve
[AUC]: 0.711), hepatic ECV (AUC: 0.858), hepatic T2 relaxation times
(AUC: 0.686), APRI (AUC: 0.787), FIB-4 score (AUC: 0.588), ALT/AST
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AST-to-Platelet Ratio Index, FIB-4 score: Fibrosis-4 score, MELD: Model
of End Stage Liver Disease
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main findings of the present study are: (1) hepatic ECV
and native T1 correlated strong with MRE-derived liver
stiffness and, (2) for the diagnosis of significant fibrosis
(>F2), hepatic ECV and native T1 revealed the highest
diagnostic performance in patients with PSC.

According to both, the AASLD and EASL guide-
lines [5, 6, 33], imaging plays a fundamental role in
the management of PSC patients, since it is essential
for confirming the diagnosis of PSC in the majority of
patients and aids in assessment of disease progression
and identification of possible complications and associ-
ated diseases, especially cholangiocarcinoma. MRI as a
modality of choice for liver parenchyma characteriza-
tion may possibly replace both invasive procedures and
non-specific clinical scores. Another modality, which
has proven to be effective in detecting significant fibro-
sis in patients with PSC is TE. Liver stiffness measure-
ments derived by TE also showed correlations with
hepatic ECV in our study. Considering the fact that
MRE has proved to be a more accurate method for liver
fibrosis assessment in patients with chronic liver dis-
ease compared to TE and the fact that TE was not per-
formed in all patients at the time of MRI examination,
we chose MRE-derived liver stiffness measurements as
the main reference standard in our study [34]. In a pre-
vious study including 38 patients with PSC, the authors
demonstrated high sensitivity and specificity of appar-
ent diffusion coefficient (ADC) values in the detection
of early (75% and 75%, respectively) and advanced (80%
and 85%, respectively) liver fibrosis [35]. However, the
usefulness of diffusion-weighted imaging for assess-
ment and staging of liver fibrosis is still controver-
sial due to existing limitations in MRI protocols and
also standardization and ADC value reproducibility
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[33, 36]. Another promising MRI technique is relax-
ometry including ECV calculation. Significant cor-
relations between hepatic T1, T2 as well as ECV with
liver fibrosis have been already sufficiently described in
the previous studies [17, 20, 21, 37-39]. Liver fibrosis
is defined as the accumulation of extracellular matrix
proteins produced by fibrogenic cell populations in
response to tissue injury. As a consequence, this pro-
cess leads to extension of extracellular space and
increased accumulation of extracellular MRI contrast
agent, which is reflected by prolonged T1 relaxation
times and increased ECV of liver [21]. However, there
is still no sufficient data proving correlations between
MRE-derived liver stiffness and mapping parameters
in patients with PSC. Using MRE-derived liver stiff-
ness as a reference standard, we found strong correla-
tions between hepatic ECV and liver stiffness (r=0.69,
P<0.001) in patients with PSC (see also Fig. 3). More-
over, hepatic ECV showed a high diagnostic perfor-
mance to diagnose significant fibrosis (F > 2) in patients
with PSC (AUC of 0.858). The diagnostic performance
of ECV was higher than that of all non-invasive labora-
tory tests under investigation. One of the most impor-
tant drawbacks of all laboratory tests and clinical scores
is that they are not liver-specific. As a result, fibrotic
and inflammatory changes outside of the liver con-
tribute to bias. This is of particular importance in the
PSC group where the prevalence of comorbidities is
commonly high. In particular, in cases with accompa-
nying diseases, which are typical in patients with PSC.
In contrast, quantitative mapping parameters reflect
the changes in the liver parenchyma itself. Moreover,
one of the main advantages of ECV calculation is that
compared to conventional T1 and T2 mapping, ECV is
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relatively independent of field strength and acquisition
parameters, and, thus, can be considered as a physio-
logically normalized measure.

Native hepatic T1 also demonstrated high diagnostic
performance in diagnosing significant fibrosis (r=0.66,
P<0.001, see also Fig. 3). For the same reasons as ECV,
T1 mapping is more liver specific and reflects the changes
in liver parenchyma itself. However, in contrast to ECV,
T1 parameters are less sensitive (84.2% vs. 52.6%), which
could be explained by the dependency on technical
aspects, as mentioned previously, and by heterogeneous
nature of hepatic fibrosis in patients with PSC.

Our study has several limitations. The main draw-
back of our study is the absence of liver biopsy as a “gold
standard” Liver biopsy is an invasive procedure, which
carries risks of periprocedural complications, and is also
limited by sampling error due to disease heterogeneity in
PSC. Thus, liver biopsy is no longer performed routinely
for PSC and cannot be employed as a reference standard
for PSC studies. Thus, we used MRE-derived liver stiff-
ness as a reference standard for liver fibrosis assessment
in our study. Another limitation is that we did not obtain
full coverage of the liver parenchyma. Only a single trans-
verse section for acquisition of T1 and T2 maps at the
level of portal vein bifurcation was performed, which
may have missed other significant changes, potentially
occurring in other planes. As we additionally excluded
the patients with iron overload and/or steatosis, our T1
measurements were not corrected for that. Moreover,
similar to MRE, T1 and T2 mapping overestimate the
degree of liver fibrosis in patients with inflammation or
vascular congestion, highlighting these other factors that
might affect T1 and T2 relaxation times. Additionally,
the small sample size and the fact that most patients in
our study cohort had fibrosis stage F4 might also limit
the applicability of our results. Further studies with large
patient cohorts using a liver biopsy as the main reference
standard as well as other serological fibrosis scores (e.g.
enhanced liver fibrosis test) are needed to establish the
results of this study and confirm the accuracy and use-
fulness of MRI mapping in patients with chronic liver
disease.

Conclusions

In our observational prospective study, MRI mapping
parameters, including ECV calculation showed strong
correlations with MRE-derived liver stiffness. Especially,
T1 mapping techniques with estimation of ECV have a
potential to be a new non-invasive biomarker for assess-
ment and early detection of significant fibrosis in patients
with PSC by providing additional information, without
adding costs to examination.
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Purpose -The aim of this study was to investigate the diagnostic utility of MRI extracellular
volume fraction (ECV) for the assessment of liver cirrhosis severity as defined by Child—Pugh
class.

Methods - In this retrospective study, 90 patients (68 cirrhotic patients and 22 controls), who
underwent multiparametric liver MRI, were identified. Hepatic T1 relaxation times and ECV
were assessed. Clinical scores of liver disease severity were calculated. One-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test, Spearman’s correlation
coefficient, and receiver operating characteristic (ROC) analysis were used for statistical
analysis.

Results -In cirrhotic patients, hepatic native T1 increased depending on Child—Pugh class
(620.5 + 78.9 ms (Child A) vs. 666.6 + 73.4 ms (Child B) vs. 828.4 + 91.2 ms (Child C), P < 0.001).
ECV was higher in cirrhotic patients compared to the controls (40.1+11.9% vs. 25.9 + 4.5%,
P < 0.001) and increased depending on Child—Pugh class (33.3 + 6.0% (Child A) vs. 39.6 + 4.9%
(Child B) vs. 52.8 £ 1.2% (Child C), P <0.001). ECV correlated with Child—Pugh score (r =0.64,
P <0.001). ECV allowed differentiating between Child—Pugh classes A and B, and B and C with
an AUC of 0.785 and 0.944 (P < 0.001, respectively). The diagnostic performance of ECV for
differentiating between Child—Pugh classes A and B, and B and C was higher compared to
hepatic native T1 (AUC: 0.651 and 0.910) and MELD score (AUC: 0.740 and 0.795) (P < 0.05,
respectively).

Conclusions - MRI-derived ECV correlated with Child—Pugh score and had a high diagnostic
performance for the discrimination of different Child—Pugh classes. ECV might become a

valuable non-invasive biomarker for the assessment of liver cirrhosis severity.
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We aimed to investigate the diagnostic utility of MRI extracellular volume fraction (ECV) for the
assessment of liver cirrhosis severity as defined by Child—Pugh class. In this retrospective study, 90
patients (68 cirrhotic patients and 22 controls), who underwent multiparametric liver MRI, were
identified. Hepatic T1 relaxation times and ECV were assessed. Clinical scores of liver disease severity
were calculated. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test, Spearman’s correlation coefficient, and receiver operating characteristic (ROC) analysis

were used for statistical analysis. In cirrhotic patients, hepatic native T1 increased depending on
Child-Pugh class (620.5 +78.9 ms (Child A) vs. 666.6 + 73.4 ms (Child B) vs. 828.4 +91.2 ms (Child C),

P <0.001). ECV was higher in cirrhotic patients compared to the controls (40.1+11.9% vs. 25.9 + 4.5%,
P <0.001) and increased depending of Child-Pugh class (33.3 +6.0% (Child A) vs. 39.6 +4.9% (Child

B) vs. 52.8 +1.2% (Child C), P<0.001). ECV correlated with Child-Pugh score (r=0.64, P<0.001). ECV
allowed differentiating between Child-Pugh classes A and B, and B and C with an AUC of 0.785 and
0.944 (P <0.001, respectively). The diagnostic performance of ECV for differentiating between Child-
Pugh classes A and B, and B and C was higher compared to hepatic native T1 (AUC: 0.651 and 0.910)
and MELD score (AUC: 0.740 and 0.795) (P <0.05, respectively). MRI-derived ECV correlated with
Child-Pugh score and had a high diagnostic performance for the discrimination of different Child-Pugh
classes. ECV might become a valuable non-invasive biomarker for the assessment of liver cirrhosis
severity.

Although the burden and underlying causes of chronic liver disease (CLD) and cirrhosis vary worldwide, they
are—with an increasing incidence—a major cause of morbidity and mortality'~>. Regardless of the pattern and
underlying etiology, liver cirrhosis is characterized by severe scarring of the liver tissue with collagen deposition,
architecture distortion and failed function, and is related to life-threatening complications such as portal hyper-
tension, spontaneous bacterial peritonitis, ascites, variceal bleeding, hepatic encephalopathy, and hepatorenal
syndrome. Outcome prediction of cirrhotic patients, who undergo surgery/interventions as well as overall mor-
tality risk estimation are of great clinical importance. Therefore, different scores for the assessment of short- or
long-term mortality, also for a specific etiology of chronic liver disease have been developed and proposed (e.g.,
MELD score or CLIF-C ACLF score). One of the most validated and widely used scoring systems, however, the
Child-Pugh score, is simple to calculate and suitable for various etiologies of liver disease”. For instance, patients
with a Child-Pugh A class have a generally good prognosis, and are considered for elective surgery. Patients
with a Child-Pugh B class have an increased risk and commonly have to undergo medical optimization before
surgery. For patients with a Child-Pugh C class elective surgery is contraindicated, as they have a mortality risk
up to 82%*°.

Imaging plays an important role for prognosis estimation and complication assessment in patients with
CLD and cirrhosis. In this regard, magnetic resonance imaging (MRI) has experienced a steady evolution and
is considered today the clinical standard in patients with CLD and cirrhosis, mainly for malignancy exclusion.
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Furthermore, current state-of-the art MRI techniques allow not only for morphological liver parenchyma assess-
ment, but also for the assessment of liver function. Particularly, several MRI techniques such as diffusion-
weighted imaging (DWI), as well as contrast-enhanced MRI have already been described in previous studies”!!.
Another promising technique is quantitative T1 mapping with calculation of the extracellular volume fraction
(ECV). The ability of T1 mapping with ECV calculation in liver fibrosis assessment has already been sufficiently
described in patients with CLD of different etiologies as well as in animal models'?-'¢. However, to our knowl-
edge, the ability of MRI-derived ECV to assess liver cirrhosis severity has not been under investigation yet. The
implementation of new non-invasive imaging-based biomarkers, which allows for comprehensive liver assess-
ment beyond morphology (e.g., fibrosis quantification and possibly also liver function) and, at the same time,
reproducible and simple to estimate, are highly desirable.

Therefore, the aim of this study was to investigate the diagnostic utility of MRI-derived ECV for the assess-
ment of cirrhosis severity as well as to differentiate between different Child-Pugh classes in patients with CLD
of various etiologies.

Materials and methods

This retrospective study was approved by the local institutional review board that waived informed consent.
Between January 2019 and September 2020 patients with confirmed diagnosis of liver cirrhosis, who underwent
multiparametric liver MRI, were identified. The diagnosis of liver cirrhosis was established based on previous
medical history, clinical examinations, liver biopsy as well as imaging according to the current guidelines'’.
Additionally, all patients with liver cirrhosis were categorized into three groups based on Child-Pugh classes of
cirrhosis severity: A, B and C. Child-Pugh classes were calculated as a sum of individual points of clinical and
laboratory criteria as previously published'®. For patients with cholestatic liver disease, a modified Child-Pugh
score was used. Patients with no history of chronic liver disease, who underwent clinical MRI examinations,
were also enrolled into this study as a control group. The absence of chronic liver disease was based on previous
medical history, clinical and laboratory tests. Exclusion criteria were contraindications to contrast-enhanced
MRI and insufficient imaging quality. Laboratory markers were retrieved from the patients’ charts. Model of
End-Stage Liver Disease (MELD) was also calculated.

Magnetic resonance imaging. All MRI examinations were conducted on a clinical whole-body 1.5 Tesla
MR-system (Ingenia, Philips Healthcare). A 32-channel body coil with digital interface was used for signal
reception. Besides morphological sequences, hepatic T1 mapping before and 10 min after contrast media appli-
cation was performed in the same slice position in end-expiration'®. For T1 mapping, a heart rate independent
10-(2)-7-(2)-5-(2)-3-(2) modified Look-Locker inversion recovery (MOLLI) acquisition scheme with internal
triggering was applied. Technical parameters were as follows: TR/TE 1.92/0.84 ms, FA 20°, parallel imaging
factor 2, acquired voxel size 1.98x2.45x 10.00 mm?>, reconstructed voxel size 1.13x1.13x100.00 mm?, scan
duration/breath hold 14 s. A gadolinium-based extracellular contrast agent in a dose of 1.0 mmol/ml solution
with 0.1 mmol per kilogram of body weight (gadobutrol, Gadovist, Bayer Healthcare Pharmaceuticals) was
administered as a single bolus with an injection rate of 1.5 ml/s.

Image analysis. Image analysis was performed in consensus by two board-certified radiologists with 9
(J.A.L.) and 10 (P.K.) years of experience in abdominal radiology. The radiologists were blinded to the clinical
data. The mean relaxation time of at least three representative regions of interest (ROI) drawn centrally in the
right and left lobe at the level of portal vein bifurcation was used for the final analysis as previously described'*!*.
T1 values of the blood pool were obtained from the abdominal aorta from the same level. Calculation of ECV
was performed with ROI-based values using following equation®”: ECV = (1 — hematocrit) X (AR1,./ AR 1yj004)5
where R1=1/T1. Hematocrit was retrieved at the same day of MRI.

Statistical analysis. Prism 8 (GraphPad Software) and SPSS Statistics (Version 25, IBM) were used for
statistical analysis. Data were checked for normal distribution using the Shapiro-Wilk test. Data are given as
mean +standard deviation or absolute frequencies, as appropriate. Spearman’s correlation coefficient was used
for a correlation analysis. One-way analysis of variance (ANOVA) followed by Tukey s multiple comparison
tests was performed to compare variables between groups of patients with liver cirrhosis of different Child-Pugh
classes and control subjects. Dichotomous variables were compared by using the x? test. Receiver operating
analysis (ROC) was used to determine the cut-offs with the highest combined sensitivity and specificity, positive
predictive values (PPV), negative predictive values (NPV) and accuracy to differentiate between Child-Pugh
classes A and B as well as Child-Pugh classes B and C. The level of statistical significance was set to P<0.05.

Ethical approval and informed consent. The presented study was approved by the institutional review
board of the University of Bonn and hence all methods were performed in compliance with the ethical standards
set in the 1964 Declaration of Helsinki as well as its later amendments. The requirement for written informed
consent was waived by the institutional review board of the University of Bonn.

Results

Cohort characteristics. Sixty-eight patients (mean age: 55 + 13 years; body mass index: 24.3 + 3.8 kg/m? 27
female) with liver cirrhosis were analyzed. N =27 (39.7%), n=32 (47.1%), and n=9 (13.2%) of patients with liver
cirrhosis had Child-Pugh class A, B and C, respectively. The etiologies of CLD and cirrhosis in the whole study
cohort were as follows: alcoholic liver disease (n =26, 38.2%); autoimmune liver diseases, including autoimmune
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Variable Controls (1=22) | Child-Pugh A (1=27) | Child-Pugh B (1=32) | Child-Pugh C (n=9) [P value
Clinical parameters

Age (years) 44.7+16.3" 48.4+13.5" 60.6+9.7** 57.9+13.1 <0.001
Body mass index (kg/m?) 25.6+5.0 24.7+29 23.6+3.9 25.7+5.4 0.271
Sex 0.102
Male 14 (64%) 18 (67%) 18 (56%) 5 (56%)

Female 8(36%) 9 (33%) 14 (44%) 4 (44%)

Underlying liver disease 0.005
Autoimmune liver disease 0 (0%) 10 (37%) 5(16%) 1(11%)

Alcoholic liver disease 0 (0%) 5(18%) 17 (53%) 4 (44%)

Viral hepatitis 0 (0%) 4 (15%) 4 (12%) 0 (0%)

gisga—:elcoholic fatty liver 0(0%) 0.(0%) 1 (3%) 2 (22%)

Unknown 0 (0%) 7 (26%) 5(16%) 2 (22%)

Budd-Chiari syndrome 0 (0%) 1 (4%) 0 (0%) 0 (0%)

Laboratory parameters

Blood hematocrit level (%) 41.6+3.91 37.9+0.7'1 30.7+0.5* 27.6+0.8* <0.001
Bilirubin (mg/dl) 0.78+0.5111 1.02+0.49! 1.89+2.64% 2.97+2.25* <0.001
ALT (U/1) 35.0+11.2 49.1+40.4 35.8+£26.9 31.6+159 0.276
AST (U/) 27.9+15.4* 62.6+44.7* 65.7+41.3% 60.6+9.7* <0.001
GGT (U/) 33.5+19.04 198.2+184.9* 178.5+252.9* 148.7 +145.7* <0.001
AP (U/) 50.5+21.5%1 161.6+118.3* 161.0+182.1* 166.0+99.6* <0.001
Albumin (g/1) 4924192 40.7+5.9' 30.3+9.7 26.8+11.6¢ <0.001
Platelets cells x 10°/1 282.7+107.241 174.9+107.7% 151.4+108.1* 113.0+67.2* <0.001
International normalized 10301211 11240121 12£0.2¢ 154+ 0,64 <0.001
Creatinine (mg/dl) 0.86+1.18! 1.07+0.95! 1.13+0.54 1.5+0.6* 0.019
C-reactive protein level (mg/l) | 1.4+ 1.6*!1 7.3+7.6* 12.6+14.5* 15.3+11.4* <0.001
MELD 6.3+0.7+ 9.3+4.1* 11.9+4.2% 17.9+6.1* <0.001
FIB-4 0.73+0.47+1 3.51+3.68*" 6.15+4.06** 6.53+2.08* <0.001
APRI 0.22+0.07*1 1.18+1.28* 1.36+1.01* 1.56 +0.64* <0.001
MRI parameters

S;P:ZIC]S’;““"Q Threlaxation | 510 614791 | 6205278971 666.6+73.41 8284491241 <0001
Extracellular volume fraction | 5q, 4 g 333£6.0*11 39.6+4.9% 52.8+1.2¢4 <0.001

(%)

Table 1. Clinical, laboratory and quantitative magnetic resonance imaging (MRI) parameters of control
subjects and patients with liver cirrhosis of different Child-Pugh classes. Continuous variables are given as
means * standard deviations. Nominal data are absolute frequencies with percentages in parentheses. P values
were obtained using ANOVA test followed by Turkey’s multiple comparison test. MELD score model of end-
stage liver disease, ALT alanine aminotransferase, AST aspartate aminotransferase, AP alkaline phosphatase,
GGT gamma-glutamyltransferase, APRI aspartate aminotransferase to platelet ratio index, FIB-4 fibrosis-4-
score. *P<0.05 versus controls. *P<0.05 versus Child-Pugh A. YP<0.05 versus Child-Pugh B. P<0.05 versus
Child-Pugh C.

hepatitis, primary sclerosing cholangitis, overlap syndromes, and primary biliary cirrhosis (n=16, 23.5%); viral
hepatitis (n=8, 11.8%); non-alcoholic fatty liver disease (n=3, 4.4%), and other unknown and/or rare etiolo-
gies (n=15, 22.1%). Twenty-two patients (mean age: 46 + 16 years ; body mass index: 25.6 + 5.0 kg/m? 8 female)
without history of chronic liver disease, who had normal liver function tests were included as control subjects.
The group of patients consisted of patients with clinical indications for liver MRI such as non-specific abdomi-
nal pain (9/22, 41%) and benign liver lesion characterization/follow-up (13/22, 59%). Clinical scores for the
assessment of liver fibrosis and disease severity differed significantly between control subjects and patients with
liver cirrhosis of all Child-Pugh classes (e.g., MELD score: 6.3 +0.7 in control subjects vs. 11.5+4.9 in cirrhotic
patients, P<0.001). Detailed clinical characteristics of patients with liver cirrhosis and control subjects are given
in Table 1.

MRI results. Hepatic T1 relaxation times were significantly higher in cirrhotic patients than in control sub-
jects (518.6+47.9 ms) and also increased depending on Child-Pugh class: 620.5+78.9 ms (Child-Pugh A) vs.
666.6+74.3 ms (Child-Pugh B) vs. 828.4+91.2 ms (Child-Pugh C) (P<0.001). Hepatic ECV values were also
significantly higher in cirrhotic patients compared to control subjects (25.9+4.5%) and increased depending
on Child-Pugh class: 33.3+6.0% (Child-Pugh A) vs. 39.6+4.9% (Child-Pugh B) vs. 52.8+1.2% (Child-Pugh
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Figure 1. Representative images of T2-weighted images, hepatic native T1 and extracellular volume fraction
(ECV) maps from a 54-years-old male patient with liver cirrhosis Child-Pugh class A, from a 61-year-old
female patient with Child-Pugh class B, and a 41-year-old female patient with Child-Pugh class C. T1
relaxation times and ECV show increased values depending on Child-Pugh class. T2-WI T2-weighted image,
ECYV extracellular volume fraction.

C) (P<0.001). There were also significant differences in hepatic ECV between patients with liver cirrhosis of
different Child-Pugh classes: Child-Pugh A vs. B (33.3£6.0% vs. 39.6 +4.9%, P<0.001), A vs. C (33.3+6.0% vs.
52.8+1.2%, P<0.001), and B vs. C (39.6 £4.9% vs. 52.8 £1.2%, P<0.001) (see also Fig. 1). Hepatic MRI param-
eters of all included patients are given in Table 1, see also Fig. 2. According to correlation analysis, hepatic native
T1 (r=0.45, P<0.001) and ECV (r=0.64, P<0.001) correlated with Child-Pugh score. A correlation matrix is
given in Fig. 3.

Diagnostic performance of MRI-derived mapping parameters. MRI-derived mapping parameters,
as well as clinical scores of liver disease severity, were evaluated regarding their diagnostic performance to dis-
criminate between different Child-Pugh classes. In general, the diagnostic performance of mapping parameters
and MELD score were higher in discriminating between Child-Pugh classes B and C, than between Child-
Pugh classes A and B (see also Tables 2, 3, and Fig. 4). Hepatic ECV revealed the highest diagnostic perfor-
mance for differentiation between Child-Pugh classes A and B, as well as B and C, with an AUC of 0.785 (cutoff
value: >36.2%, sensitivity of 86.2%, specificity of 55.6%) and 0.944 (cutoff value: >46.9%, sensitivity of 88.9%,
specificity of 90%), respectively. The diagnostic performance of hepatic native T1 relaxation times was lower
than that of ECV for differentiating between Child-Pugh scores A and B as well as between Child-Pugh score
B and C with an AUC of 0.651 (cutoff: >620.3 ms, sensitivity of 86.2%, specificity of 55.6%) and 0.910 (cut-
off: > 722 ms, sensitivity of 100%, specificity of 82.8%) (P <0.05, respectively). Furthermore, the diagnostic per-
formance of native hepatic T1 relaxation times was higher than that of MELD score in differentiating between
Child-Pugh classes B and C (0.910 vs. 0.795), but lower than that of MELD in differentiating between classes
Child-Pugh A and B (0.651 vs. 0.740) (P<0.05, respectively). Detailed parameters of diagnostic performance
statistics are given in Tables 2 and 3.

Discussion

The aim of this study was to evaluate the diagnostic utility of MRI-derived hepatic ECV for the assessment of
cirrhosis severity as well discrimination of different Child-Pugh classes in patients with liver cirrhosis of vari-
ous etiologies. The main findings of our study are: (1) hepatic native T1, as well as MRI-derived ECV, showed
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Figure 2. Column graphs with values distribution of hepatic native T1 (a) and MRI-derived extracellular
volume fraction (b) in the control group and in the clinically subclassified cirrhosis groups (Child-Pugh classes
A, B, and C). Mean of data is represented by horizontal line. *, **, ¥**, **** represents significance levels of
pairwise comparisons with P values of<0.05,<0.01,<0.001,<0.0001respectively. P values were obtained using
ANOVA test followed by Turkey’s multiple comparison test.
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Figure 3. Heatmap shows correlations between hepatic native T1 and MRI-derived extracellular volume
fraction (ECV) and clinical scores of liver disease severity. ECV extracellular volume fraction, MELD model for
end-stage liver disease.
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AUC | Cutoff value | Sensitivity (%) | Specificity (%) PPV (%) NPV (%) Accuracy (%)
Native T1 0.651 |>620.3 ms 86.2 (69.4-94.5) | 55.6 (37.3-72.4) | 67.6 (51.5-80.4) | 78.9 (56.7-91.5) | 71.4 (58.5-81.6)
ECV 0.785 | >36.18% 80.6 (63.7-90.8) | 68.0 (48.4-82.8) | 75.8 (59.0-87.2) | 73.9 (53.5-87.5) | 75.0 (62.3-84.5)
MELD score 0.740 | >8.5 75.0 (57.9-86.7) | 59.3 (40.7-75.5) | 68.6 (55.1-78.3) | 66.7 (46.7-82.0) | 67.8 (55.1-78.3)
APRI score 0.618 |>0.786 68.8 (51.4-82.0) | 51.9 (34.0-69.3) | 62.9 (46.3-76.8) | 58.3 (38.8-75.5) | 61.0 (48.3-72.4)
FIB-4 score 0.760 | >3.242 84.4 (68.2-93.1) | 63.0 (44.2-78.5) | 73.0 (57.0-84.6) | 77.3 (56.6-89.9) | 74.6 (62.2-83.9)

Table 2. Diagnostic performance of hepatic native T1 and MRI-derived extracellular volume fraction as well
as clinical scores of liver disease severity for the differentiation between patients with liver cirrhosis of Child-
Pugh classes A and B. ECV extracellular volume fraction, MELD model of end-stage liver disease, APRI score

aspartate aminotransferase to platelet ratio index, FIB-4 score fibrosis 4 score, AUC area under the curve, PPV
positive predictive value, NPV negative predictive value.

AUC | Cutoff value | Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Native T1 0.910 | >722 ms 100.0 (72.2-100.0) | 82.8 (65.5-94.2) | 66.7 (41.7-84.8) | 100 (86.2-100.0) 87.2(73.3-94.4)
ECV 0.944 | >46.85% 88.9 (56.5-98.0) 90.0 (74.4-96.5) | 72.7 (43.4-90.3) | 96.4 (82.3-99.4) 89.7 (76.4-95.9)
MELD score | 0.795 | >10.5 100.0 (64.6-100.0) | 50.0 (33.6-66.4) | 30.4 (15.6-50.9) | 100.0 (80.6-100.0) | 59.0 (43.4-72.9)
APRI score 0.634 | >1.176 71.4 (35.9-91.8) 56.3(39.3-71.8) | 26.3(11.8-48.8) | 90.0 (69.9-97.2) 59.0 (43.4-72.9)
FIB-4 score 0.607 | >5.208 85.7 (48.7-97.4) 59.4 (42.3-74.5) | 31.6 (15.4-54.0) | 95.0 (76.4-99.1) 64.1 (48.4-77.3)

Table 3. Diagnostic performance of hepatic native T1 and MRI-derived extracellular volume fraction as well
as clinical scores of liver disease severity for the differentiation between patients with liver cirrhosis of Child-
Pugh classes B and C. ECV extracellular volume fraction, MELD model of end-stage liver disease, APRI score

aspartate aminotransferase to platelet ratio index, FIB-4 score fibrosis 4 score, AUC area under the curve, PPV
positive predictive value, NPV negative predictive value.
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Figure 4. Graphs show receiver operating characteristic curves of hepatic native T1 and MRI-derived
extracellular volume fraction (ECV) as well as clinical scores of liver disease severity for differentiation between
different Child-Pugh A and B classes (a) and Child-Pugh B and C classes (b). (a) Curves are given for hepatic
native T1 (area under the curve [AUC]: 0.651), hepatic ECV (AUC: 0.785), MELD (AUC: 0.740). (b) Curves are
given for hepatic native T1 (AUC: 0.910), hepatic ECV (AUC: 0.944), MELD (AUC: 0.795). ECV extracellular
volume fraction, MELD model of end-stage liver disease.

significant correlations with the Child-Pugh score and, (2) MRI-derived hepatic ECV revealed a high diagnostic
performance for the discrimination of different Child-Pugh classes, which was higher than that of hepatic native
T1 and MELD score.

The assessment of liver cirrhosis severity is currently based mainly on clinical and laboratory examinations
with calculation of different scores, including the Child-Pugh score, as the most established one. In the past
decade, different imaging modalities, including MRI, experienced a fast evolution and now represent an impor-
tant pillar in terms of clinical management, risk stratification, prognosis estimation, and procedural planning
in patients with CLD and cirrhosis. Elastography methods, including ultrasound- and MR-based elastography
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have become important diagnostic tools in patients with CLD, mainly for the assessment of fibrosis stage*..
However, as the stage of liver fibrosis in cirrhotic patients is already final, the assessment of the fibrosis stage
alone seems to be insufficient to draw conclusions about the liver function and disease severity. There are also
studies demonstrating the ability of baseline liver stiffness measurements, as well as the dynamic of liver stiffness
changes, for the prediction of hepatic decompensation®-**. In a cross-sectional setting, several MRI techniques
have been tried out to assess the functional aspect of liver cirrhosis/disease, e.g., using DWI extended to intra-
voxel incoherent motion, contrast-enhanced T1 techniques using different techniques and contrast media (e.g.,
hepatocyte-specific vs. extracellular), and even T1 rho mapping. However, these techniques suffer from lack of
standardization (e.g., DWI and contrast-enhanced MRI) and availability across institutions (e.g., T1 rho map-
ping). Quantitative MRI mapping using T1 mapping techniques with calculation of ECV may potentially over-
come these limitations and allow for assessment of liver function and disease severity. A representative hepatic
T1 map can be acquired during a single breath-hold and T1 values can be fast and directly obtained from the
parametric map. Therefore, the technique can be implemented cost-effectively into clinical routine. It is known
that fibrosis is associated with prolongation of T1 relaxation times (which can be also caused due to intra- and
extracellular edema in inflammatory settings). Also, fibrosis is associated with an expansion of extracellular space
and, as a consequence, with an increased accumulation of extracellular contrast in the extracellular space, which
is reflected in increased ECV values'*'°.

In our study we extended the applicability of mapping techniques to the assessment of liver cirrhosis severity.
We found a significant correlation between hepatic native T1 and Child-Pugh score (r=0.45). This is consistent
with some previous studies, showing that cirrhotic changes lead to prolongation of T1 relaxation times compared
to healthy subjects and increase with the increasing stage of liver cirrhosis from patients with Child-Pugh A up to
C*%, However, there are other studies, showing no significant differences in native T1 relaxation times between
healthy volunteers and cirrhotic patients'>”. These conflicting results have been discussed controversially. On
the one hand, prolongation of hepatic native T1 relaxation times could be explained by the tissue remodeling,
on the other hand, shortening of the T1 relaxation times in patients with liver cirrhosis may be explained by the
presence of paramagnetic molecules (e.g. iron) as well as the presence of macromolecules with increased amounts
of bound water!!?>2¢28-32_ Liver function might also be correlated with post-contrast hepatic T1 relaxation
times in patients with liver cirrhosis. However, post-contrast T1 relaxation times of the liver are highly variable
as they depend on time and flow rate of contrast agent application, as well as the applied contrast agent (e.g.
hepatocyte-specific vs. extracellular). Furthermore, post-contrast values may vary depending on contrast agent
dose, renal clearance rate, time, as well as hematocrit level. These factors would limit the general applicability
and a comparability of study results.

Unlike native and post-contrast T1 relaxation times, ECV seems to be a physiologically normalized and
a more robust parameter as it does not depend on magnetic field and acquisition parameters. Expansion of
the extracellular matrix caused by chronic liver injury leads to enlargement of the extracellular space and,
consequently to increased ECV values'>'®*. According to histopathological studies, collagen proportionate
area increases proportionately across all stages of cirrhosis, which can be explained by the fact that thicker
cirrhotic septa contain more collagen®. Increased hepatic ECV values in liver cirrhosis, may reflect increased
extracellular matrix protein synthesis and deposition, which is higher in advanced stages. For the same reason,
ECV is well-known parameter in cardiac MRI and can be employed for non-invasive assessment of myocardial
fibrosis®-*’. There are also studies in animal and humans, demonstrating that ECV correlates better with portal
pressure measurements than native T1'®*, In our study, we demonstrated significant differences in ECV values
between all Child-Pugh classes, which was also different to that in the healthy subjects. ECV correlated stronger
with Child-Pugh score than hepatic native T1 (r=0.64 vs. 0.45). Our study results also support previous data
in terms of diagnostic utility of ECV to diagnose liver cirrhosis'*~'****°, However, none of the previous study
focused exclusively on cirrhotic patients, nor on the ability of MRI-derived ECV to differentiate between dif-
ferent cirrhosis classes.

Finally, we demonstrated a high diagnostic performance of mapping parameters to discriminate between
different cirrhosis classes, which was also higher than that of the MELD score. This might be explained by the
fact that for the calculation of clinical scores of liver disease severity different laboratory and clinical markers
are used. On the one hand, it may decrease the specificity of these markers, as changes outside the liver and
also comorbidities, which are not primary related to liver disease, contribute to the final score. On the other
hand, ECV seems to be especially more liver-specific as all variables for ECV calculation are obtained from liver
parenchyma directly*' and then normalized for hematocrit. Moreover, approaches for automated calculation
of ECV even without hematocrit sampling already exist and can be further developed with the use of machine
learning®"*2. However, because clinical information and laboratory markers are crucial for the assessment of
liver function and disease severity, the intention of this study was not to discourage the use of clinical scores and
laboratory markers but instead to demonstrate the potential diagnostic value of a quantitative imaging approach.

Despite the advantages of MRI-derived ECV as a potential non-invasive biomarker of liver cirrhosis sever-
ity, our study has several limitations. First, the small sample size with a limited number of controls and patients
with Child-Pugh class C limit the generalizability of the the study results. Second, we included patients with
CLD and cirrhosis of different etiologies. This may have an influence on hepatic T1 values, as the pattern of liver
fibrosis and cirrhosis depends on underlying etiology of CLD. Another limitation is the absence of liver biopsy
as the reference standard at the time of MRI examination. Larger prospective studies focusing on the etiology
of liver disease in correlation with histopathological findings are needed to further investigate the diagnostic
utility of MRI-derived ECV.

In conclusion, this is the first study investigating the diagnostic utility of MRI-derived ECV for the assessment
of cirrhosis severity. MRI-derived ECV can provide valuable diagnostic information beyond standard morpho-
logical imaging for liver fibrosis assessment and might represents a new non-invasive imaging-based biomarker
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for the assessment and follow-up of liver cirrhosis severity. Our study results might also motivate future studies
to evaluate whether quantitative liver MRI can be used in combination with clinical scoring to improve severity
assessment and outcome prediction in patients with liver cirrhosis.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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Purpose - This study aimed to determine the diagnostic value of T1 and T2 mapping and

extracellular volume fraction (ECV) for the non-invasive assessment of portal hypertension.

Methods — In this prospective study, 50 participants (33 patients with indication for trans-
jugular intrahepatic portosystemic shunt (TIPS) and 17 healthy volunteers) underwent MRI.
The derivation and validation cohorts included 40 and 10 participants, respectively. T1 and T2
relaxation times and ECV of the liver and the spleen were assessed using quantitative mapping
techniques. Direct hepatic venous pressure gradient (HVPG) and portal pressure
measurements were performed during TIPS procedure. ROC analysis was performed to

compare diagnostic performance.

Results - Splenic ECV correlated with portal pressure (r=0.72; p<0.001) and direct HVPG
(r=0.50; p =0.003). No significant correlations were found between native splenic T1 and T2
relaxation times with portal pressure measurements (p > 0.05, respectively). In the derivation
cohort, splenic ECV revealed a perfect diagnostic performance with an AUC of 1.000 for the
identification of clinically significant portal hypertension (direct HVPG =10 mmHg) and
outperformed other parameters: hepatic T2 (AUC, 0.731), splenic T2 (AUC, 0.736), and splenic
native T1 (AUC, 0.806) (p <0.05, respectively). The diagnostic performance of mapping

parameters was comparable in the validation cohort.

Conclusions - Splenic ECV was associated with portal pressure measurements in patients with

advanced liver disease. Future studies should explore the diagnostic value of parametric

mapping across a broader range of pressure values.
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Abstract

Objectives In patients with advanced liver disease, portal hypertension is an important risk factor, leading to complications such

as esophageal variceal bleeding, ascites, and hepatic encephalopathy. This study aimed to determine the diagnostic value of T1

and T2 mapping and extracellular volume fraction (ECV) for the non-invasive assessment of portal hypertension.

Methods In this prospective study, 50 participants (33 patients with indication for trans-jugular intrahepatic portosystemic shunt

(TIPS) and 17 healthy volunteers) underwent MRI. The derivation and validation cohorts included 40 and 10 participants,

respectively. T1 and T2 relaxation times and ECV of the liver and the spleen were assessed using quantitative mapping

techniques. Direct hepatic venous pressure gradient (HVPG) and portal pressure measurements were performed during TIPS

procedure. ROC analysis was performed to compare diagnostic performance.

Results Splenic ECV correlated with portal pressure (»=0.72; p <0.001) and direct HVPG (r=0.50; p = 0.003). No significant

correlations were found between native splenic T1 and T2 relaxation times with portal pressure measurements (p > 0.05,

respectively). In the derivation cohort, splenic ECV revealed a perfect diagnostic performance with an AUC of 1.000 for the

identification of clinically significant portal hypertension (direct HVPG > 10 mmHg) and outperformed other parameters: hepatic

T2 (AUC, 0.731), splenic T2 (AUC, 0.736), and splenic native T1 (AUC, 0.806) (p <0.05, respectively). The diagnostic

performance of mapping parameters was comparable in the validation cohort.

Conclusion Splenic ECV was associated with portal pressure measurements in patients with advanced liver disease. Future

studies should explore the diagnostic value of parametric mapping accross a broader range of pressure values.

Key Points

* Non-invasive assessment and monitoring of portal hypertension is an area of unmet interest.

* Splenic extracellular volume fraction is strongly associated with portal pressure in patients with end-stage liver disease.

* Quantitative splenic and hepatic MRI-derived parameters have a potential to become a new non-invasive diagnostic parameter
to assess and monitor portal pressure.

Keywords Liver cirrhosis - Portal - Hypertension - Magnetic resonance imaging
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NAFLD Non-alcoholic fatty liver disease
TIPS Trans-jugular intrahepatic portosystemic shunt

Introduction

Any chronic liver disease may lead to liver fibrosis, which dis-
torts normal liver architecture by the expansion of the extracel-
lular space, and impairs hepatic function [1]. Liver cirrhosis is
tightly linked to the occurrence of portal hypertension [2]. Portal
hypertension may lead to life-threatening complications such as
esophageal variceal bleeding, ascites, and hepatic encephalopa-
thy. Therapy refractory ascites is associated with significantly
increased mortality 612 months after diagnosis [3]. Therefore,
precise diagnosis of portal hypertension plays an important role
in clinical decision-making and early interventions may prevent
severe complications. Currently, the hepatic venous pressure gra-
dient (HVPG) is considered the reference standard for the assess-
ment of portal hypertension [4]. The HVPG is the difference
between the wedged portal vein pressure and the free hepatic
venous pressure. Portal hypertension is defined as HVPG
>5 mmHg. Clinically significant portal hypertension is defined
as an increase in HVPG to > 10 mmHg [5, 6]. The invasive
procedure of HVPG has clear disadvantages because it may be
associated with procedural complications and, therefore, cannot
be used as a follow-up method. HVPG measurements also re-
quire high clinical expertise and are costly. Therefore, alternative
non-invasive techniques are needed for the assessment and mon-
itoring of portal pressure.

Recently, quantitative T1 and T2 mapping techniques have
been applied to the liver and spleen and might be used for tissue
characterization and for the staging of liver fibrosis [7, 8].
Furthermore, T1 relaxation times can also be measured before
and after the administration of an extracellular contrast agent,
which allows the additional calculation of the extracellular vol-
ume (ECV). ECV values are calculated from the change in re-
laxation rate (R1 = 1/T1) of blood and parenchyma corrected for
the hematocrit [9]. ECV is a measure of the extracellular space
and represents the tissue volume, which is not taken by cells [10].
Also, ECV is a physiologically intuitive unit of measurement and
is independent of field strength. ECV was initially developed for
quantifying the myocardial extracellular fractional distribution
volume and has been validated in histopathological studies as a
measurement of diffuse myocardial fibrosis [11]. Besides the
evaluation of myocardial tissue composition, this technique can
also be used as a new tool for the non-invasive assessment of
liver fibrosis [7, 8]. Furthermore, animal studies suggest that
abdominal ECV measures might be correlated with portal pres-
sure measurements [8]. Also, splenic post contrast T1 measure-
ments showed correlations with HVPG in humans [12].
Therefore, the assessment of splenic ECV might be advanta-
geous for non-invasive assessment of portal pressure, as spleno-
megaly in portal hypertension is not only caused by congestion
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but also by tissue hyperplasia and fibrosis [13, 14]. The purpose
of our study was to find a possible correlation between different
parametric magnetic resonance imaging (MRI) parameters (T1,
T2, and ECV mapping) of liver and spleen and to evaluate their
diagnostic performance for the assessment of portal
hypertension.

Material and methods

This prospective, proof-of-concept study was approved by the
institutional review committee. All study participants provided
written informed consent prior to MRI examination. From
November 2018 to September 2019, patients with advanced liver
disease and portal hypertension scheduled for trans-jugular
intrahepatic portosystemic shunt (TIPS) implantation were con-
secutively included in this study. All patients completed MRI
before TIPS implantation. Healthy volunteers underwent MRI
as controls. Diagnosis of refractory ascites was based on the
diagnostic criteria recommended by the International Ascites
Club (IAC) [15]. Clinical data and laboratory markers were re-
trieved from the institutional medical information system. The
control group consisted of healthy volunteers with no previous
medical history of liver disease. All control participants had nor-
mal liver MRI and normal laboratory results and were defined to
have normal portal pressure.

Magnetic resonance imaging

All imaging was performed on a clinical whole-body 1.5-T MRI
system (Ingenia, Philips Healthcare) equipped with 32-channel
abdominal coil with digital interface for signal reception. Besides
morphological sequences, patients underwent parametric map-
ping MRI of the liver and the spleen: For splenic and hepatic
T1 mapping, a heart rate independent10-(2)-7-(2)-5-(2)-3-(2)
modified Look-Locker inversion recovery (MOLLI) acquisition
scheme [16] with internal triggering was implemented. The fol-
lowing technical parameters were applied: time of repetition
(TR) 1.92 ms, time of echo (TE) 0.84 ms, flip angle (FA) 20°,
parallel imaging factor 2, acquired voxel size 1.98 x 2.45 x
10 mm, reconstructed voxel size 1.13 x 1.13 x 10 mm, scan
duration/breath-hold 14.0 s. Using the same technique, post-
contrast T1 maps were performed in the same positions as pre-
contrast examinations. As ECV measurements in the liver are
constant from 5 to 25 min according to the experimental data,
post-contrast T1 mapping was performed 10 min after contrast
administration [17]. For contrast enhancement, the extracellular
contrast agent Gadobutrol (0.2 mmol per kilogram of body
weight, Gadovist, Bayer Healthcare Pharmaceuticals) was
injected at a rate of 1.5 ml/s. T2 mapping was performed before
contrast administration using a six-echo gradient spin echo se-
quence (GraSE) [18]. The following scan parameters were ap-
plied: TR 450 ms, inter-echo spacing 16 ms, FA 90°, parallel
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imaging factor 2.5, acquired voxel size 1.98 x2.01 x 10 mm,
reconstructed voxel size 0.88 x 0.88 x 10 mm, scan duration/
breath-hold 15/3 x § s. Parametric maps were acquired in a single
transverse section at the level of the bifurcation of portal vein
covering the liver and the spleen. T1 and T2 relaxation maps
were reconstructed at the scanner console.

HVPG measurements by trans-jugular intrahepatic
portosystemic shunt implantation

TIPS procedures establish an artificial connection between the
portal and systemic circulation. It is applied in patients with
end-stage liver disease for reduction of the portal pressure
[15]. TIPS procedure was performed in aseptic conditions
under fluoroscopic guidance by experienced interventional
radiologists. After puncture of the right portal vein branch, a
guidewire was advanced through the TIPS needle and ad-
vanced into the portal vein. Afterward, an angiographic 5-
French pigtail was advanced into the portal vein for direct
portal pressure measurement. No wedged portal vein pressure
was measured in this study. Central vein pressure was in in-
ferior vena cava. Direct HVPG was calculated as a difference
between portal vein pressure and free inferior vena cava pres-
sure. Also, absolute portal vein pressure was recorded.
Significant portal hypertension was defined as a direct
HVPG of > 10 mmHg. No invasive portal pressure measure-
ments were performed in the control group. Healthy controls
were defined to have no portal hypertension.

Image analysis

Image analyses were performed by an experienced board-
certified radiologist, blinded to the clinical information and
portal vein pressure measurements. Three regions of interest
(ROIs) were respectively drawn within the liver and the spleen
parenchyma, away from confounding factors like vessels, bil-
iary structures, and organ boundaries. Minimum ROI size was
>1 cm?. The ROIs were firstly placed into the native T1 map.
Afterward, the ROIs were copied on all other relaxation maps
for the same patient. Mean T1 and T2 relaxation times were
used for analysis. T1 values of the blood pool were obtained
from the abdominal aorta. ECV values were normalized for
hematocrit and calculated from pre- and post-contrast T1
values using the following equation [9]: ECV = (1 —
hematocrit)*(1/T1 parenchyma post-contrast —1/T1 parenchy-
ma pre-contrast)/(1/T1 aortic post-contrast —1/T1 aortic pre-
contrast). For this explorative study, we assumed that for ab-
dominal ECV calculations, a bolus-only contrast injection
technique leads to a dynamic equilibrium 10 min after contrast
administration [17]. Blood hematocrit levels were obtained
before MRI investigations.
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Statistical analysis

Statistical analysis was performed using SPSS Statistics
(Version 22, IBM) and MedCalc (version 19.1.3, MedCalc
Software). Patient characteristics are presented as mean +
standard deviation or as absolute frequency. Continuous var-
iables between the two groups were compared by using the
Student ¢ test. Dichotomous variables were compared by using
the x2 test. Pearson correlation coefficient () was used for
correlation analyses. In the derivation cohort, the diagnostic
performance of MRI parameters was analyzed by plotting
receiver operating characteristics and comparing the area un-
der the curve (AUC). Youden’s index was used to determine
the optimal cutoff of the ROC curve providing the highest
combination of sensitivity and specificity. The presence of
clinically significant portal hypertension (direct HVPG
>10 mmHg) was the reference standard against which the
diagnostic performance of MRI-derived mapping parameters
of spleen and liver was tested. AUCs were compared by using
the method proposed by DeLong et al [19]. Using the cutoff
values of the derivation cohort, sensitivity, specificity, accu-
racy, and predictive values were calculated for the validation
cohort. The level of statistical significance was set to p < 0.05.

Results
Cohort characteristics

A total of 33 patients with liver cirrhosis and refractory
ascites/esophageal variceal bleeding and 17 healthy volun-
teers were included. The first 40 participants (28 patients with
liver cirrhosis and 12 healthy volunteers) were used as a der-
ivation cohort to establish the cutoff values of mapping pa-
rameters. The next 10 participants that were included consti-
tuted our validation cohort (5 patients with liver cirrhosis and
5 healthy volunteers). The mean interval between pre-
interventional MRI and TIPS implantation was 9.66 +
11.87 days. All patients had clinically significant portal hy-
pertension (direct HVPG > 10 mmHg). There were no peri- or
post-procedural complications related to TIPS implantation.

Derivation cohort

Etiologies of liver disease included alcoholic liver disease
(n=14, 50.00%), non-alcoholic fatty liver disease (NAFLD,
n=2,7.14%), virus-related liver cirrhosis (n =1, 3.57%), tox-
ic liver disease (n=3, 10.71%), unknown etiology (n=35,
17.85%), and sinusoidal liver disease (n=2, 7.14%).
Indications for TIPS implantation were refractory ascites
(n=21/28, 75.00%) and esophageal variceal bleeding (n="7/
28, 25.00%).
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Validation cohort

Etiologies of liver disease included alcoholic liver disease (n =4,
80.00%) and unknown etiology (z = 1, 20.00%). Indications for
TIPS implantation were refractory ascites (n =4/5, 80.00%) and
esophageal variceal bleeding (n = 1/5, 20.00%). The clinical
characteristics of the derivation and validation cohorts are sum-
marized in Table 1.

MRI results

Portal vein pressure (#=0.72, p < 0.001) and direct HVPG (=
0.50, p=0.003) were significantly correlated with splenic ECV
in cirrhotic patients (see Fig. 1). A correlation matrix is given in
Table 2.

Derivation cohort

Compared with healthy controls, patients with liver cirrhosis
had significant increased splenic native T1 relaxation times
(1010.17£49.13 ms vs. 1100.52 £95.76 ms; p < 0.001), T2
relaxation times (98.83 +11.69 ms vs. 113.17+18.72 ms, p =
0.007), and splenic ECV values (25.82+2.40% vs. 42.53 +
6.29%; p < 0.001). There were significant differences in he-
patic MRI parameters between controls and patients: native
T1 relaxation time (544.78 £41.25 ms vs. 681.03 +83.93 ms;

p< 0.001) and ECV (26.14+2.31% vs. 45+ 18.55%;
P <0.001). No significant differences in hepatic T2 relaxation
times were present between both groups (48.58 £8.41 ms vs.
53.72+7.56 ms; p =0.062).

Validation cohort

Splenic and hepatic MRI results of the validation cohort are
given in Table 3.

Diagnostic performance of parametric mapping
parameters

Several parametric mapping parameters were evaluated re-
garding the diagnostic performance to diagnose clinically sig-
nificant portal hypertension.

Derivation cohort

Splenic ECV revealed a perfect diagnostic performance with
an area under the curve (AUC) of 1.000, a sensitivity of 100%,
and a specificity of 100% (see Fig. 2, Fig. 3, and Table 4).
There were no significant differences in the diagnostic perfor-
mance of splenic and hepatic ECV (AUC, 1.000 vs. 0.954;
p=0.116). The diagnostic performance of splenic ECV was
also not significantly higher compared with that of hepatic

Table 1 Clinical characteristics of the derivation and validation cohort for patients with clinically significant portal hypertension and healthy control
participants
Derivation cohort (n =40) Validation cohort (n= 10)
Variable Healthy controls Portal hypertension p value Healthy controls Portal hypertension p
n=12) (n=28) (n=5) (n=5) value

Age (years) 43.58+17.42 5832+11.66 0.017 52.40+£20.26 55.60+£4.50 0.739
Body mass index (kg/mz) 22.53+4.57 24.58+5.42 0.281 22.72+£2.22 25.88+8.71 0.454
Sex 0.722 0.350

Male 8 (66.66%) 21 (75.00%) 1 (20.00%) 3 (60.00%)

Female 4 (33.33%) 7 (25.00%) 4 (80.00%) 2 (40.00%)
Hematocrit level (%) 45.25+3.71 29.46 +5.90 <0.001 41.00+2.55 33.00+3.31 0.003
MELD 6.8+1.4 12.92+5.46 <0.001 6.20+£0.44 13.50£5.00 0.013
CHILD <0.001 0.007

A 0 (0.00%) 7 (25.00%) 0 (0.00%) 2 (40.00%)

B 0 (0.00%) 17 (60.71%) 0 (0.00%) 3 (60.00%)

C 0 (0.00%) 4 (14.28%) 0 (0.00%) 0 (0.00%)
Bilirubin (mg/dl) 0.69+0.26 0.137+1.36 0.017 0.39+0.18 1.25+0.71 0.031
ALT (U/) 35.00+12.67 25.93+9.90 0.041 35.60+30.22 39.40+24.70 0.833
AST (U/) 23.66+4.57 47.14+27.19 <0.001 26.00+12.58 61.20+£27.39 0.031
GGT (U/) 36.16+20.78 140.53 £240.42 0.031 69.20 +94.05 235.20+235.62 0.182
Platelets cellsx10%/1 281.25+85.24 153.04+112.11 0.001 287.40+39.91 172.50+90.98 0.037
C-reactive protein level 1.09+1.94 10.65+11.82 <0.001 1.12+0.68 15.68 +£4.90 0.003

(mg/1)

AP (U/) 49.20+£20.42 121.64+102.18 0,035 83.60+27.71 139.40 +60.85 0.099
Creatinine (mg/dl) 0.88+0.21 1.14+£0.54 0.042 0.78+0.13 2.25+2.18 0.170
Albumin (g/1) Not available 31.90 - Not available 32.98+6.91 -
International normalized ratio 1.01+0.04 1.15+0.09 <0.001 1.26+0.58 1.30+0.18 0.887

Continuous data are means + standard deviations. Nominal data are absolute frequencies with percentages in parentheses. Abbreviations: MELD, score
model of end-stage liver disease; CHILD, Child-Pugh score; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AP, alkaline phosphatase;

GGT, gamma-glutamyltransferase
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Fig. 1 Scatter plots shows
correlations between splenic
extracellular volume fraction and
portal vein pressure (a) and direct
hepatic venous pressure gradient
(b) in the patients with liver
cirrhosis (n = 33). Regression line
is given with 95% confidence
interval

Splenic extracellular volume fracion (%)

native T1 (AUC, 1.000 vs. 0.926; p = 0.105) but significantly
higher than that of splenic native T1 (AUC, 1.000 vs. 0.806;
p=0.005). There were no significant differences in the diag-
nostic performance of native splenic and hepatic T1 (AUC,
0.806 vs. 0.926, p =0.058). Hepatic ECV showed a higher
diagnostic performance compared with native splenic T1
(AUC, 0.954 vs. 0.806, p=0.038). Between hepatic ECV
and hepatic native T1, no significant differences in diagnostic
performance were observed. The diagnostic performance of
hepatic and splenic T2 was significantly lower than that of the
splenic and hepatic native T1 and ECV parameters.

Validation cohort

The parameters of the diagnostic performance of the valida-
tion cohort are given in Table 4. The 95% confidence intervals
of diagnostic performance were comparable between the der-
ivation and the validation cohort.

Discussion

In our proof-of-principle study, we evaluated different
parametric MRI parameters for non-invasive assessment
of portal hypertension. The main findings of our study are
that (1) splenic ECV showed a statistically significant cor-
relation with portal pressure and direct HVPG and, (2)
splenic and hepatic ECV showed a high diagnostic perfor-
mance to diagnose clinically significant portal hypertension

Table 2

Portal pressure (mmHg)

Splenic extracellular volume fracion (%)

Hepatic venous pressure gradient

and performed better than native T1 and T2 mapping
parameters.

Hepatocyte injury in chronic liver disease leads can ac-
tivate potentially fibrogenic cells and promote the occur-
rence of liver fibrosis. The formation of liver fibrosis leads
to an increased deposition of abnormal extracellular matrix
components [20]. Liver fibrosis also leads to an increased
accumulation of extracellular MRI contrast agents in the
extracellular space, which can be measured via ECV assess-
ment. Histopathological studies show correlations between
hepatic T1, T2, and ECV with liver fibrosis, as well as
hepatic ECV and portal pressure in both animal and human
models [8, 13, 14, 21-23]. There are also studies mention-
ing positive correlations between mapping parameters and
magnetic resonance elastography (MRE) [22, 24, 25].

Portal hypertension initially develops because of increased
intrahepatic resistance to the passage of blood flow through
the liver as a consequence of hepatic fibrotic changes. In this
regard, splenomegaly in liver disease is likely to be a conse-
quence of portal congestion with blood pooling as well as pulp
hyperplasia and fibrosis [26]. All these changes lead to an
expansion of the extracellular space, which is reflected in in-
creased splenic ECV, as shown in our data. In our study,
splenic ECV values were also significantly correlated with
portal pressure and with direct HVPG.

To our knowledge, there are still no studies directly
showing correlations between invasive measured direct
HVPG in patients with end-stage liver disease and clinical-
ly significant portal hypertension and splenic ECV as a

Correlation matrix for quantitative MRI parameters and parameters of portal pressure of the patients with liver cirrhosis

Splenic native  Splenic post- Splenic T2

Splenic ECV Hepatic native ~ Hepatic T2 Hepatic ECV

T1 contrast T1 T1
Variable rvalue pvalue rvalue pvalue rvalue pvalue rvalue pvalue rvalue pvalue rvalue pvalue rvalue p value
Portal vein pressure 0.31 0.091 —0.300 0.101 0.19 0294 072 <0.001 0.025 0.894 0.02 0925 0.07 0.714
Direct HVPG 028  0.122 -0.076 0.679  0.17 0361 0.50 0.003 —0.19 0918 -0.83 0.648 —0.12 0.945
Abbreviations: ECV, extracellular volume fraction; HVPG, hepatic venous pressure gradient
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Table 3 Splenic and hepatic MRI characteristics of the derivation and validation cohort for patients with portal hypertension and healthy participants
Derivation cohort (n = 40) Validation cohort (n = 10)
Variable Healthy controls Portal hypertension p value Healthy controls Portal hypertension p value
(n=12) (n=28) (n=5) (n=5)
Hepatic venous pressure gradient ~ Not available 20.71 + 5.49 - Not available 22.40 + 7.83 -
Portal pressure (mmHg) Not available 23.07 + 5.47 - Not available 26.00 = 7.17 -
Splenic native T1 relaxation time ~ 1010.17 +49.13 1100.52 + 95.76 <0.001 1016+45.05 1116 +23.02 0.002
(ms)
Splenic contrast T1 relaxation time  360.92+51.41 291.44 + 56.89 0.001 483.00+76.34 333.00 = 78.36 0.002
(ms)
Splenic extracellular volume 25.82+2.40 42.53 £6.29 <0.001 28.94+1.53 42.89 +£3.92 < 0.001
fraction (%)
Splenic T2 relaxation time (ms) 98.83+11.69 113.17 + 18.72 0.007 103.00+5.19 116 + 13.21 0.062
Hepatic native T1 relaxation time 54478 £41.25 681.03 + 83.93 <0.001 535.60+20.88 705.60 + 59.18 < 0.001
(ms)
Hepatic extracellular volume 26.14+2.31 45.00 + 18.55 <0.001 27.35+4.22 35.42 £ 6.99 < 0.001
fraction (%)
Hepatic T2 relaxation time (ms) 48.58 £8.41 53.72 + 7.56 0.062 47.60+2.07 54.66 + 3.51 0.005

Continuous data are means + standard deviations

non-invasive marker of portal pressure. Splenic ECV
showed a perfect diagnostic performance for clinically sig-
nificant portal hypertension with an AUC of 1.000 in the
derivation cohort. Moreover, although not statistically sig-
nificant, the diagnostic performance of splenic ECV was
superior to that of the liver, possibly because liver fibrosis
reflects only one element of pathophysiological changes in
portal hypertension, while splenic ECV directly reflects all
consequences of portal hypertension (congestion, tissue

hyperplasia, and fibrosis). ECV measurements also
showed a higher diagnostic performance compared with
T1 and T2 mapping parameters, probably because ECV is
a physiologically normalized measure and reflects changes
of splenic parenchyma more accurately. Therefore, ECV
seems to be a stable and biologically significant biomarker
for non-invasive assessment of portal hypertension.
Splenic post-contrast T1 has also been recognized as a
potential biomarker for diagnosing portal hypertension as well

Table 4 Diagnostic performance of different quantitative MRI parameters of the derivation and validation cohort for assessment of clinically

significant portal hypertension in patients with advanced liver disease

Variable Cutoff value ~ Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)
Derivation cohort (n = 40)
Splenic extracellular >30.42% 100.0 (87.5-100.0) 100 (75.8-100.0) 100.0 (87.5-100.0) 100.0 (75.8-100.0) 100.0 (91.0-100.0)
volume fraction (%)
Splenic native T1 (ms) > 1060 ms 74.07 (55.3-86.8)  91.67 (64.6-98.5)  95.2 (77.3-99.2) 61.1 (38.6-79.7 79.5 (64.5-89.2)
Splenic T2 (ms) >115 ms 46.4 (29.5-64.2) 100 (75.8-100) 100.0 (77.2-100.0)  44.4 (27.6-62.7) 62.5 (47.0-75.8)
Hepatic extracellular >29% 89.29 (72.8-96.3)  91.67 (64.6-98.5)  96.2 (81.1-99.3) 78.6 (52.4-92.4) 90.0 (76.9-96.0)
volume fraction (%)
Hepatic native T1 (ms) > 569 ms 92.86 (77.4-98.0)  91.67 (64.6-98.5)  96.3 (81.7-99.3) 84.6 (57.8-95.7) 92.5 (80.1-97.4)
Hepatic T2 (ms) >47.60 ms 85.71 (68.5-94.3)  58.33(32.0-80.7)  82.8 (65.5-92.4) 63.6 (35.4-84.8) 77.5 (62.5-87.7)
Validation cohort (n = 10)
Splenic extracellular >30.42% 100 (56.6-100.0) 80.00 (37.6-96.4)  83.3 (43.6-97.0) 100 (51.0-100.0) 90.0 (59.6-98.2)
volume fraction (%)
Splenic native T1 (ms) > 1060 ms 100.0 (56.6-100.0)  80.00 (37.6-96.4)  83.3 (43.6-97.0) 100 (51.0-100.0) 90.0 (59.6-98.2)
Splenic T2 (ms) > 115 ms 40.0 (11.8-76.9) 100 (56.6-100.0) 100 (34.2-100.0) 62.5 (30.6-86.3) 70.0 (39.7-89.2)
Hepatic extracellular >29% 80.0 (37.6-96.4) 60.0 (23.1-88.2) 66.7 (30.0-90.3) 75.0 (30.1-95.4) 70.0 (39.7-89.2)
volume fraction (%)
Hepatic native T1 (ms) > 569 ms 100.0 (56.6-100.0) 100.0 (56.6-100.0) 100.0 (56.6-100.0) 100.0 (56.6-100.0) 100.0 (72.2-100.0)
Hepatic T2 (ms) >47.60 ms 100 (56.6-100.0) 40.0 (11.8-76.9) 62.5 (30.6-86.3)  100.0 (34.2-100.0)  70.0 (39.7-89.2)

Cutoff values of the derivation cohort were used to calculate sensitivity, specificity, PPV, NPV, and accuracy of the validation cohort. Abbreviations:
PPV, positive predictive value; NPV, negative predictive value. Data in parentheses are 95% confidence interval
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Fig. 2 Graphs show receiver operating characteristic curves for diagnosis
of clinically significant portal hypertension (direct hepatic venous
pressure gradient, > 10 mmHg) in the derivation cohort. Curves are
given for hepatic T1 relaxation times (area under curve [AUC], 0.926),
hepatic ECV (AUC, 0.954), hepatic T2 relaxation times (AUC, 0.731),
splenic T1 relaxation times (AUC, 0.806), splenic T2 relaxation times
(AUC, 0.736), and splenic ECV (AUC, 1.000)

as for treatment monitoring and prognosis [12]. In contrast to
the previous study, in which post-contrast splenic T1 values
showed a significant correlation with HVPG (r=0.69, p =
0.001), we did not found significant correlations between the
post-contrast splenic T1 and direct HVPG measures. This
might be explained due to our very homogeneous patient col-
lective with end-stage liver disease and clinically significant
portal hypertension (mean direct HVPG 20.71 + 5.49 mmHg).
In the previous study, only half of the patients (47%) had
clinically significant portal hypertension [12], which might
have led to an artificial increase in the correlation coefficient.
On the other hand, post-contrast T1 values are known to vary
depending on the gadolinium dose, renal clearance rate, scan-
ning time, body composition, and hematocrit levels. The
above factors might have contributed to the fact that no sig-
nificant correlation in post-contrast splenic T1 values was re-
vealed in our study.

Splenic ECV: 22% )
No portal hypertension

Splenic ECV: 32%
HVPG: 11 mmHg

Unlike ECV, native hepatic T1 (AUC 0.926) performed
better than native splenic T1 (AUC 0.806) in the derivation
cohort. This might be explained by a higher contribution of
fibrosis to changes in T1 values, as fibrotic changes are
more remarkable in hepatic than in splenic parenchyma.
Splenic and hepatic T2 mapping parameters had a similar
diagnostic performance to patients diagnosed with clinical-
ly significant portal hypertension with AUCs of 0.736 and
0.731, respectively. According to previous cardiac studies,
increased T2 relaxation times are mainly driven due to
myocardial edema or inflammation [27]. Therefore, in-
creased T2 relaxation times in abdominal mapping proba-
bly reflect the coexistence of inflammatory or edematous
changes in regions of fibrosis [28, 29], which does not cor-
relate well with measures of portal hypertension.

However, hepatic and splenic mapping is a rapidly evolv-
ing field and standardized protocols are still being established.
Unlike CT, MRI techniques have the advantages that they do
not require radiation dose for the assessment of portal hyper-
tension [30]. Also, in contrast to other techniques like MR
elastography, which can also be used for the prediction of
esophageal varices and, therefore, the severity of portal hyper-
tension [31], the proposed mapping techniques do not require
additional equipment. Multiparametric MRI with T1 mapping
techniques may reduce the need for invasive and expensive
procedures, such as HVPG measurements, in clinical practice.
Our findings suggest that MRI-derived ECV values may be a
potential new biomarker to assess and monitor portal pressure.

Despite the advantages of ECV measurements as a potential
non-invasive parameter, our study has several limitations. First,
only patients with end-stage liver disease and significant portal
hypertension were included in our explorative study. Therefore,
only a small homogenous population with HVPG > 10 mmHg
was observed and no conclusion about a broader range of portal
pressure measurement can be drawn. As direct portal pressure
measurements in patients without indication for TIPS proce-
dure are not clinical routine in our clinic, diagnostic

e —

o) Splenic ECV: 50% )
HVPG: 25 mmHg

Fig. 3 Representative images of splenic extracellular volume (ECV) maps from a healthy volunteer (a) and patients with clinically significant portal
hypertension (b, ¢). Abbreviations: ECV, extracellular volume fraction; HVPG, hepatic venous pressure gradient
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performance of mapping parameters was tested against a con-
trol group and not against a patient group without a significant
portal hypertension. Therefore, the selected study design does
not represent a real-life setting and reported parameters of di-
agnostic performance have to be regarded as study specific. T1
and T2 maps were acquired in a single transverse section at the
level of the bifurcation of portal vein and, therefore, may have
missed other significant changes, which probably occurred in
other planes. Furthermore, our T1 measurements were not
corrected for hepatic steatosis or hepatic/splenic iron overload,
which might impair the correct assessment of T1 values [29,
30]. Another limitation of our study was that the reading of all
cases was performed only by one experienced radiologist. We
used a double-contrast bolus for ECV calculations, as common-
ly used for cardiac applications. However, as contrast dosage
might influence ECV calculation, attention should be paid to
standardized contrast protocols, when introducing this tech-
nique into clinical routine. The study results have to be consid-
ered preliminary and further prospective studies are necessary
to establish the results of this study and confirm the accuracy
and usefulness of ECV and other MRI parameters for the as-
sessment and follow-up in patients with portal hypertension in
routine clinical practice.

In conclusion, in our prospective proof-of-principle study,
quantitative splenic and hepatic MRI-derived parameters in-
cluding ECV appear to be a new valuable, non-invasive diag-
nostic parameter for the assessment of portal pressure in pa-
tients with advanced liver disease. Especially, splenic ECV
might provide important information about the presence of
clinically significant portal hypertension.
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Purpose - The aim of this study was to generate synthetic ECV for hepatic applications without

the need for hematocrit sampling.

Methods - In this prospective study participants underwent liver MRI. T1 mapping was
performed before and after contrast administration. Blood hematocrit was obtained prior to
MRI. We hypothesized that the relationship between hematocrit and longitudinal relaxation
rate of blood (R1 = 1/T1blood) could be calibrated and used to generate the equation for
synthetic hematocrit and ECV calculation. Conventional and synthetic ECV were calculated.
Pearson correlation, linear regression and Bland-Altman method were used for statistical

analysis.

Results - 180 consecutive patients were divided into derivation (n = 90) and validation (n = 90)
cohorts. In the derivation cohort, native R1blood and hematocrit showed a linear relationship
(HctMOLLI = 98.04 x (1/T1blood) - 33.17, R2 = 0.75, P < 0.001), which was used to calculate
synthetic ECV in the validation and whole study cohorts. Synthetic and conventional ECV
showed significant correlations in the derivation, validation and in the whole study cohorts (r
=0.99, 0.97 and 0.99, respectively, P < 0.001, respectively) with minimal bias according to the

Bland-Altman analysis.
Conclusions - Synthetic ECV seems to offer an alternative method for non-invasive

guantification of the hepatic ECV. It may potentially overcome an important barrier to clinical

implementation of ECV and thus, enable broader use of hepatic ECV in routine clinical practice.
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Abstract

Purpose Calculation of extracellular volume fraction (ECV) currently receives increasing interest as a potential biomarker
for non-invasive assessment of liver fibrosis. ECV calculation requires hematocrit (Hct) sampling, which might be difficult
to obtain in a high-throughput radiology department. The aim of this study was to generate synthetic ECV for hepatic appli-
cations without the need for Het sampling.

Methods In this prospective study participants underwent liver MRI. T1 mapping was performed before and after contrast
administration. Blood Hct was obtained prior to MRI. We hypothesized that the relationship between Hct and longitudinal
relaxation rate of blood (R1=1/T1,,,.4) could be calibrated and used to generate the equation for synthetic Htc and ECV
calculation. Conventional and synthetic ECV were calculated. Pearson correlation, linear regression and Bland—Altman
method were used for statistical analysis.

Results 180 consecutive patients were divided into derivation (n=90) and validation (n=90) cohorts. In the derivation
cohort, native R1y,,,q and Het showed a linear relationship (Hctyyoy ;= 98.04 X (1/T1y,0q) —33.17, R*=0.75, P <0.001),
which was used to calculate synthetic ECV in the validation and whole study cohorts. Synthetic and conventional ECV
showed significant correlations in the derivation, validation and in the whole study cohorts (r=0.99, 0.97 and 0.99, respec-
tively, P <0.001, respectively) with minimal bias according to the Bland—Altman analysis.

Conclusion Synthetic ECV seems to offer an alternative method for non-invasive quantification of the hepatic ECV. It may
potentially overcome an important barrier to clinical implementation of ECV and thus, enable broader use of hepatic ECV
in routine clinical practice.

Keywords Magnetic resonance imaging - Extracellular volume fraction - Liver fibrosis - Hematocrit

Abbreviations Introduction

MRI Magnetic resonance imaging

ECV Extracellular volume fraction Chronic liver disease is a global public health concern and
Htc  Hematocrit accounts for approximately 2 million deaths per year world-

wide [1]. Liver cirrhosis as a consequence of chronic liver
disease is currently the 11th most common cause of death
globally and within the top 20 causes of disability-adjusted
life years and years of life lost [2]. The detection and staging
of liver fibrosis is of great clinical importance for treatment
decisions and prognosis estimation, therefore, reliable tools
are necessary in these patients. Although considered the gold
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of liver fibrosis. Consequently, non-invasive techniques such
as transient elastography and magnetic resonance elastogra-
phy (MR-elastography) are increasingly preferred in order to
diagnose and grade liver fibrosis. Especially MR-elastography
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is considered one of the most accurate non-invasive technique
for liver fibrosis assessment with accuracies varying from 89 to
95% depending on fibrosis stage and underlying liver disease
[3, 4]. However, it can be associated with a high technical
failure rate, i.e., in patients with massive ascites, obesity or
iron deposition [5, 6].

In differentiating between normal and diseased liver paren-
chyma, the concept of evaluating the T1 relaxation times was
first mentioned in the 1980s. Hepatic fibrosis increases the
T1 relaxation time of liver parenchyma due to an increase of
extracellular matrix and protein concentration. T1 mapping
techniques also allow the estimation of extracellular volume
fraction (ECV) from native and post-contrast T1. ECV val-
ues are calculated from the change in relaxation rate (R1=1/
T1) of blood and parenchyma corrected for the hematocrit
(Hct) [7]. Therefore, calculation of ECV requires Hct sam-
pling. MRI-derived ECV using T1 mapping techniques is
currently of increased interest as a new non-invasive tool for
liver fibrosis assessment [7—12]. There are already studies,
demonstrating a high diagnostic performance of ECV in liver
fibrosis assessment in both, animal and human models [7, 9].
ECV correlates with histological markers of liver fibrosis and
has a high diagnostic performance for liver fibrosis assess-
ment with accuracies up to 85% depending on underlying
liver disease and fibrosis stage [7, 9, 13—15]. Furthermore,
the longitudinal reflexivity (R1=1/T1) of blood is known to
be in a linear relationship with blood Hct. It is determined by
the water fractions of plasma and the erythrocyte cytoplasm,
which undergo fast water exchange [16-21]. Previous cardiac
MRI studies showed that ECV quantification without blood
sampling, assuming a linear relationship between blood Hct
and longitudinal T1 relaxation times (1/T1y;,.4), is feasible [22,
23]. But there are still no studies showing whether it is also
applicable for calculation of hepatic ECV. A synthetic ECV
calculation would be beneficial considering the fact that liver
fibrosis assessment and staging using T1 mapping techniques
could be performed non-invasively and time-efficient directly
after the MRI examination.

The hypothesis of our study was that a linear relationship
between blood Hct and longitudinal T1 relaxation times (1/
T1y100a) could be used for synthetic Het estimation, which
permits synthetic ECV calculation without Het sampling.
The aim of this study was (1) to create a synthetic Hct
regression model and (2) to investigate whether synthetic
Hct can be used for reliable and valid calculation of syn-
thetic ECV compared to conventional ECV.

Materials and methods
This study was approved by the institutional review board.

Written informed consent was obtained from all participants
prior to MRI examination. From March 2019 to November
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2020, consecutive patients with clinical indications for liver
MRI examination were included in this study. Patients with
and without chronic liver disease were included. Diagnosis
of chronic liver disease was based on past medical history
(including liver biopsy, clinical and laboratory examina-
tions) and MRI (including MR-elastography). When neces-
sary, the presence of significant fibrosis at MRI was assessed
by MR-elastography as a reference standard using previous
published cutoffs [3, 4]. Exclusion criteria were contrain-
dications for contrast-enhanced MRI. Hematocrit samples
were derived directly prior to MRI examination. According
to the underlying liver disease, all patients were randomly
split into the derivation and validation cohort. Clinical data
and additional laboratory markers were recorded from the
patient charts. Biochemical blood analyses were performed
using standard tests and non-invasive scoring systems based
on laboratory tests for assessment of liver fibrosis (aspar-
tate aminotransferase-to-platelet ratio index (ARPI), fibrosis
index based on the 4 factor (FIB-4), MELD score (Model of
End Stage Liver Disease) and aspartate aminotransferase and
alanine aminotransferase ratio (AST/ALT ratio (de-Ritis))
were calculated [24-26].

Magnetic resonance imaging

All participants underwent MRI examination on a clini-
cal whole-body 1.5-T system (Ingenia, Philips Health-
care) equipped with 32-channel abdominal coil with
digital interface for signal reception. In addition to mor-
phological sequences, patients underwent hepatic T1 map-
ping with a heart rate independent 10-(2)-7-(2)-5-(2)-3-
(2) modified Look-Locker inversion recovery (MOLLI)
acquisition scheme with internal triggering [27]. Techni-
cal parameters were as follows: time of repetition/time of
echo 1.92/0.84 ms, flip angle 20°, parallel imaging factor
2, acquired voxel size 1.98 X2.45x 10 mm, reconstructed
voxel size 1.13x 1.13 X 10 mm, scan duration/breath-hold
14.0 s. For the post-contrast T1 maps, the same technique
was used after 10 min of contrast agent application in the
same positions as pre-contrast examinations. T1 maps were
acquired in end-expiration [28]. For contrast-enhanced T1
mapping, a gadolinium-based contrast agent (Gadobutrol,
1.0 mmol/ml solution with 0.1 mmol per kilogram of body
weight, Gadovist, Bayer Healthcare Pharmaceuticals) was
administered as a single bolus with an injection rate of
1.5 ml/s. Hepatic quantitative maps were acquired in a single
transversal slice at the level of the bifurcation of portal vein.
Relaxation maps were reconstructed directly at the scanner
console. Liver MR-elastography was performed with a 2D
gradient-recalled echo sequence to acquire liver elasticity
maps with motion-encoding gradients. MR-elastography
measurements were performed as previously described [8].
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Image analysis

An experienced board-certified radiologist (J.A.L, 8 years of
experience in abdominal MRI) performed image analyses,
blinded to the clinical data. For the assessment of T1 relaxa-
tion times, the mean relaxation time of three representa-
tive regions of interest (ROI) (> 1 cm?), drawn centrally in
the hepatic segments II, IVa and VII, were calculated (see
also Fig. 1). Blood pool T1 values were derived from the
abdominal aorta. In the derivation cohort as well as whole
study cohort conventional ECV values were normalized for
blood Hct and calculated with ROI-based on pre- and post-
contrast T1 values according to the previously published
equation [29]: ECV = (1 — hematocrit) X (1/T1 parenchyma
post-contrast — 1/T1 parenchyma pre-contrast)/(1/T1 aortic
post-contrast — 1/T1 aortic pre-contrast).

Proof-of-concept: synthetic hepatic ECV calculation

The longitudinal relaxivity of blood (R1=1/T1) demon-
strate a linear relationship with blood Htc, and is deter-
mined by the relaxivity of the water fractions of plasma
(R1p) and the erythrocyte cytoplasm (Rlggc) [17]:
Rlpieea=R1, X (1 = Het) + Rlgge X Het. Hence, synthetic
Hct was derived from the linear relationship between Hct
and R1,,.4 and used to calculate synthetic ECV. Synthetic

Fig. 1 Representative image
demonstrating assessment of T1
relaxation times derived from
T1 maps. The mean relaxation
time of three representative
regions of interest drawn cen-
trally in the hepatic segments
11, IVa and VII was assessed
calculated

ECV was normalized for synthetic Hct and calculated
using the same equation as conventional ECV. Synthetic
and conventional ECV were then compared.

Statistical analysis

Statistical analysis was performed using software (SPSS
Statistics, version 25, IBM; Prism 8, GraphPad Software).
Patient characteristics are presented as mean =+ standard
deviation or as absolute frequency, as appropriate. Student
t test was used for comparison of continuous variables
between two different groups. Dichotomous variables
were compared using the y? test (with the cell count > 5)
and Fisher test (with a cell count<5). A locally derived
synthetic ECV was created from the longitudinal relaxiv-
ity of blood (R1, or 1/T1). This model was created using
linear regression, where R1 is the predictor variable and
the measured Hct is the outcome. The bivariate Pearson
correlation coefficient (r) was used for a correlation analy-
sis between synthetic and blood Hct as well as synthetic
and conventional ECV. Agreement between individual sets
of blood and synthetic Hct as well as conventional and
synthetic ECV was analyzed and represented graphically
using the Bland—Altman method. The level of statistical
significance was set to P <0.05.
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Results
Cohort characteristics

A total of 180 consecutive patients were included. In
the whole study cohort, 87.8% (158/180) of patients had
diffuse liver disease and 12.2% (22/180) of patients did
not have diffuse liver disease based on past medical his-
tory, clinical and laboratory examinations as well as MR-
elastography. The mean MR-elastography derived liver
stiffness in the group of patients without chronic and/
or fibrotic liver disease was 2.1 +0.5 kPa. This group of
patients consisted of patients with indications for liver
MRI examinations as follows: non-specific abdominal
symptoms, e.g., non-specific abdominal pain (11/22,
50.0%) or liver lesions detection or/and characterization
(11/22, 50.0%). Indications for all MRI examinations in
patients with diffuse liver disease were follow-up and/
or malignancy exclusion by known chronic liver disease.
Etiologies of liver diseases included: alcoholic liver dis-
ease (n=27, 15.0%); autoimmune liver diseases, including
autoimmune hepatitis, primary sclerosing cholangitis, and
primary biliary cirrhosis (n =80, 44.4%); non-alcoholic
fatty liver disease (n=12, 6.7%); viral hepatitis (n=13,
7.2%) and other rare etiologies such as portal sinusoidal
disease, Budd—Chiari syndrome and Fontan-associated
hepatopathy (n=5/180, 2.8%) as well as cryptogenic
hepatopathy (n=21, 11.7%). All patients were randomly
divided into the derivation (n=90) and validation (n=90)
cohorts. The derivation cohort was used to establish the
linear regression equation for calculation of synthetic Htc
and ECV. The clinical characteristics of the derivation and
validation cohorts are presented in Table 1.

MRI results
Derivation cohort

For the applied hepatic T1 MOLLI mapping sequence, the
regression line between hematocrit and R1;,,4 was lin-
ear with R?=0.75, P <0.001. The regression equation for
Htc was: Synthetic Hetyop 1 1=98.04 X (1/T1,,9) — 33.17,
where Hct is hematocrit (1 to 100%) and R1,,,.4=1/T1};0q
in 1072 s (see also Fig. 2). No significant differences in
blood and synthetic Het (38.5+6.1% vs. 38.5+5.3%,
P>0.05) as well as between conventional and synthetic
ECV (32.7+8.5% vs. 32.6 +7.9%, P> 0.05) were found
using the above-mentioned equation. Moreover, we found
significant correlations between synthetic and blood Htc
(r=0.87) as well as synthetic and conventional ECV
(r=0.99), in each case P <0.001 (see also Fig. 3).
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Validation cohort

Using above-named equation derived from derivation cohort
in the validation cohort, we found no significant differences
between blood and synthetic Htc values (39.6+5.1% vs.
38.6 £4.8%, P>0.05) as well as conventional and synthetic
ECV (30.0+6.7% vs. 30.6 +6.9%, P> 0.05). Moreover,
synthetic and conventional ECV were highly correlated
(r=0.97, P<0.001). Synthetic and blood Hct also cor-
related well (r=0.81, P<0.001). Bland—Altman analysis
demonstrated minimal bias for both Hct (— 0.97 +3.25%,
95% limits of agreement: — 7.4% to 5.4%) as well as ECV
(0.53+1.67, 95% limits of agreement: — 2.75% to — 3.82%)
(see also Figs. 4, 5 and 6). MRI characteristics of patients
in the derivation and validation cohorts are presented in
Table 2.

Moreover, we found also strong correlation between con-
ventional and synthetic ECV in patients with chronic liver
disease in the whole study cohort with a Pearson’s correla-
tion coefficient of 0.98 (P <0.001).

Discussion

The purpose of our study was to (1) create locally derived
synthetic Het values from the linear relationship between
blood Hct and the longitudinal relaxivity (R1) of the blood
and (2) investigate whether synthetic Hct can be used for
reliable and valid calculation of synthetic hepatic ECV
compared to conventional hepatic ECV. The main findings
of our study are that: (1) synthetic Hct derived from lin-
ear regression modeling showed a strong correlation with
blood Hct and, (2) synthetic ECV showed a strong correla-
tion with conventional ECV and minimal bias according to
the Bland—Altman analysis and, therefore, has a potential
to be used as a reliable valid biomarker in routine clinical
practice alternatively to conventional ECV.

Liver fibrogenesis in patients with chronic liver disease
is a consequence of cellular damage and following regen-
eration processes, leading to increased production of con-
nective tissue with extracellular matrix components. This
process leads to the extension of extracellular space and
an increased accumulation of extracellular contrast agents,
which is reflected by prolonged native T1 relaxation times
and increased ECV of the liver. Therefore, with a growing
body of evidence, calculation of ECV is considered a new
promising potential biomarker for non-invasive assessment
of liver fibrosis [7-9]. Therefore, parametric MRI mapping
including ECV requires routine clinical use of mapping
beyond morphological sequences. However, calculation of
ECYV requires hematocrit sampling, which may limit the
application and availability of these techniques in routine
clinical practice. As a result, attempts have been made to
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Table 1 Cli.nical cha.ract'eristics Variable Derivation Validation cohort (n=90) P value
of patletnts in the validation and cohort (n=90)
derivation cohorts
Age (years) 47.7+16.7 48.6+15.4 0.71
Body mass index (kg/m?) 25.6+4.8 253453 0.71
Sex 0.88
Male 48 47
Female 42 43
Blood hematocrit level (%) 38.5+6.1 39.6+5.1 0.21
Underlying liver disease
Primary sclerosing cholangitis (PSC) 22 (24.4%) 21 (23.3%) 0.88
Autoimmune hepatitis (ATH) 8 (8.9%) 9 (15%) 0.88
AIH/PSC overlap syndrome 8 (8.9%) 8 (8.9%) 1.00
Primary biliary cirrhosis 2 (22.2%) 2 (22.2%) 1.00
Alcoholic liver disease 14 (15.5%) 13 (7.2%) 0.88
Viral hepatitis 6 (6.7%) 7 (3.9%) 0.88
Non-alcoholic fatty liver disease (NASH) 6 (6.7%) 6 (6.7%) 1.00
Portal sinusoid disease 1(1.1%) 1(1.1%) 1.00
Unknown 11 (15.0%) 10 (8.9%) 0.88
Fontan-associated hepatopathy 1(1.1%) 1(1.1%) 1.00
Budd—Chiari syndrome 0 (0%) 1(1.1%)
No chronic liver disease 11 (12.2%) 11 (12.2%) 1.00
Laboratory parameters
Bilirubin (mg/dl) 1.33+1.9 1.0+0.74 0.16
ALT (U/) 77.0+146.1 62.6+87.7 0.43
AST (U/) 69.7+105.3 51.1+48.5 0.14
GGT (U/) 182.7+230.5 121.9+150.6 0.04
Platelets cells x 10%/1 222.1+109.7 228.1+111.9 0.72
C-reactive protein level (mg/1) 11.6+21.3 52+7.7 0.01
AP (U/) 178.2+181.1 122.4+84.6 0.01
Creatinine (mg/dl) 0.86+0.29 0.90+0.41 0.45
Albumin (g/l) 39.0+10.4 41.2+8.4 0.18
International normalized ratio 1.16+0.36 1.09+0.16 0.11
ASL/ALT (de-Ritis) 1.27+0.9 1.07+0.57 0.07
FIB-4 29+35 23+2.38 0.22
MELD 9.0+4.5 8.43+3.6 0.35
APRI 1.01+1.57 0.76 £0.98 0.20

Continuous data are means + standard deviations. Nominal data are absolute frequencies with percentages

in parentheses

MELD Score Model of End Stage Liver Disease, ALT alanine aminotransferase, AST aspartate aminotrans-
ferase, AP alkaline phosphatase, GGT gamma-glutamyltransferase, APRI aspartate aminotransferase-to-
platelet ratio index, FIB-4 fibrosis-4 score, ASL/ALT (de-Ritis) De-Ritis ratio

eliminate the necessity for blood Htc through estimation
of a synthetic Htc in order to calculate an ECV based on
the observed linear relationship between Htc and blood R1
(1/T1y00q)- However, the clinical validity of this approach
for abdominal applications has not been established yet. A
few recent studies in cardiac MRI already demonstrated
that synthetic ECV quantification without blood sampling
might be a reliable valid tool compared with conventional
ECV [22, 23, 30]. However, to our knowledge, there are

still no studies showing whether this is also applicable for
calculation of hepatic ECV.

In our study we implemented a simple to obtain synthetic
ECV measurement using Hct derived from pre-contrast
blood T1. The linear relationship between Hct and R1;,,4
has been sufficiently investigated [17, 19-21, 31, 32], and,
therefore, we used R1 for curve fitting. We found strong
correlations between blood and synthetic Het with Pearson’s
correlation coefficient of 0.81 and 0.83 in the validation as
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Fig.3 Derivation cohort: synthetic versus blood hematocrit (a, b) as
well as synthetic versus conventional ECV (¢, d). Scatter plots shows
correlations between synthetic and blood Hct as well as synthetic and
conventional ECV (n=90) (a, ¢). Bland—Altman plots of mean differ-
ences between blood and synthetic Htc as well as conventional and
synthetic ECV. The mean value of measurements for both approaches
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well as the whole study cohort, respectively (P <0.001 in
each case). There were also strong correlations between
conventional and synthetic ECV in the validation as well
as the whole study cohort with r=0.97 and 0.99, respec-
tively (P <0.001 in each case). As far as the results of this
study can be compared with the results of previous cardiac
studies, these findings support previous data, demonstrat-
ing higher correlations between synthetic and conventional
ECV compared to synthetic and blood Hct [22, 23]. On
the one hand it could be explained by a considerable error
in Htc laboratory tests. On the other hand, ECV has other
dependencies and additional terms, making it a more sta-
ble and robust parameter [33, 34]. Therefore, there could
be more inaccuracy as a result of Hct measurements than
that as a result of variations in T1 mapping approaches [35,
36]. However, regardless of excellent linear regression fit
and in general strong correlations between blood and syn-
thetic Htc as well as conventional and synthetic ECV val-
ues, the main disadvantage of synthetic ECV application is
that it might lead to considerable errors in individual cases.
According to Bland—Altman analysis these variations in
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is plotted on the x-axis and the difference between techniques is plot-
ted on the y-axis. The solid black horizontal line plots the mean dif-
ference and the dotted black lines indicate the limits of agreement
(differences from the mean of 1.96 SDs) for each parameter (b, d).
Htc hematocrit, ECV extracellular volume fraction
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Fig.4 Validation cohort: synthetic versus blood hematocrit. Scatter
plots show correlations between synthetic and blood Hct (n=90) (a).
Bland—Altman plots of mean differences between blood Hct and syn-
thetic Het. The mean value of measurements for both approaches is
plotted on the x-axis and the difference between techniques is plot-
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Fig.5 Validation cohort: synthetic versus conventional ECV. Scat-
ter plots show correlations between synthetic and conventional ECV
(n=90) (a). Bland—Altman plots of mean differences between con-
ventional and synthetic ECV. The mean value of measurements for
both approaches is plotted on the x-axis and the difference between

individual measurement sets may reach up to 6% between
blood and synthetic Hct and up to 4% between conventional
and synthetic ECV (see also Figs. 4 and 5). Although the
variations between conventional and synthetic ECV were
less than 2%, higher variations may have clinical impor-
tance for liver fibrosis staging. Patients could be misclassi-
fied in a wrong fibrosis stage, which is especially vital for
the detection of significant fibrosis. The presence of even
greater variabilities was also demonstrated in previous car-
diac studies, with more pronounced differences in Htc than
in ECV values [22, 23]. The variability in laboratory Htc
and calibration of conventional ECV to blood Hct may also

Mean Hct (%)

ted on the y-axis. The solid black horizontal line plots the mean dif-
ference and the dotted black lines indicated the limits of agreement
(differences from the mean of 1.96 SDs) for each parameter (b). Htc
hematocrit
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techniques is plotted on the y-axis. The solid black horizontal line
plots the mean difference and the dotted black lines indicate the lim-
its of agreement (differences from the mean of 1.96 SDs) for each
parameter (b). ECV extracellular volume fraction

lead to miscategorization. Hence, precise clinical evalua-
tion based on medical history, laboratory examinations as
well as MRI (including, e.g., MR-elastography) in individual
patients are needed to minimize the possible discrepancies
between synthetic and conventional values and therefore its
influence on clinical decision-making (Table 3).

There are several limitations in our study. The main
limitation was that the sample size was modest and all
examinations were performed in a single center. Further-
more, the fact that T1 mapping techniques vary across the
institutions can additionally limit the applicability of our
study results. Furthermore, synthetic Hct requires local
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Table 2 MRI characteristics of patients in the derivation and validation cohorts

Variable Derivation cohort (n=90) Validation cohort (n=90) P value
Hepatic native T1 relaxation time (ms) 600.5+108.3 571.5+94.0 0.06
Native T1 relaxation time of blood (ms) 1376.6 +106.9 1372.3+99.4 0.78
Conventional extracellular volume fraction (%) 32.7+8.5 30.0+6.7 0.02
Synthetic extracellular volume fraction (%) 326+79 30.6+6.9 0.06
Synthetic hematocrit (%) 38.5+53 38.6+4.8 0.83
MR-elastography derived liver stiffness 45+1.6 42+1.9 0.46

Continuous data are means + standard deviations

calibration, unless MRI scanner, used T1 mapping param-
eters, and machine for Hct laboratory are the same. Moreo-
ver, as the accuracy of current T1 measurements method
remains to be established, this study does not claim to
report an accurate measure of T1, but that synthetic cal-
culation of hepatic Hct derived from used T1 MOLLI
sequence is a stable and reliable approach for routine
clinical practice. Another significant limitation for clinical
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application of synthetic measurements is that equations for
synthetic Hct calculation should be derived individually
on each MRI scanner using the same acquisition scheme.
Therefore, if synthetic ECV is to be used in routine clini-
cal practice where blood Hct cannot be obtained, using a
locally derived synthetic Hct regression model for the used
T1 mapping sequence is preferred.
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Table 3 Correlation values for

. . Variable Derivation cohort Validation cohort Whole study cohort
synthetic hematocrit and ECV
in the derivation, validation and R value P value R value P value R value P value
the whole study cohorts
Blood hematocrit 0.87 < 0.001 0.81 < 0.001 0.83 < 0.001
vs. synthetic
hematocrit
Conventional ECV  0.99 < 0.001 0.97 < 0.001 0.99 < 0.001

vs. synthetic ECV

ECV extracellular volume fraction

In conclusion, this is the first study investigating the
applicability of synthetic hepatic Hct derived from a regres-
sion model for ECV calculation without Htc sampling. Our
findings suggest that ECV calculated from synthetic Hct may
be a useful, valid and reliable tool compared with conven-
tional ECV. Further multi-centric prospective studies on a
larger population are needed to validate these findings across
the centers, using different T1 mapping sequences to enable
the further clinical implementation of ECV by liver exami-
nations. The use of synthetic ECV may potentially overcome
an important barrier for clinical implementation of hepatic
ECV measurements.
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4 Discussion

The diagnostic value of MRI-derived quantitative mapping parameters for the assessment of
liver fibrosis and disease severity was elaborated in this cumulative habilitation thesis. In
particular, the diagnostic utility of MRI-derived quantitative mapping parameters for the non-
invasive assessment of liver fibrosis severity in patients with autoimmune CLDs, such as AlH
and PSC, was investigated. Non-invasive assessment and monitoring of liver fibrosis would
allow for timely antifibrogenic therapies, monitoring of therapy response, and possibly
prognosis estimation. Further, we explored the ability and diagnostic value of MRI-derived
mapping parameters for the assessment of liver cirrhosis severity in CLDs of different
etiologies. Quantitative mapping may play an important role in the clinical management of
patients with liver cirrhosis due to non-invasive monitoring of liver cirrhosis severity, including
the severity of portal hypertension. This approach could allow for timely interventions and
prevention of life-threatening complications associated with portal hypertension. In general,
the results of our studies expanded the clinical application of MRI-derived quantitative
mapping parameters and demonstrated their potential value for non-invasive comprehensive
characterization of liver fibrosis and disease severity.

Since the first introduction of quantitative mapping techniques for liver fibrosis assessment,
there has been intensive research aimed at developing and establishing imaging-based
biomarkers for the assessment of liver fibrosis. To date, numerous studies have focused on
the diagnostic utility of various quantitative MRI mapping parameters for the non-invasive
assessment of liver fibrosis in patients of CLDs of different etiologies (Wang et al., 2019;
Ulmenstein et al., 2022; Thomsen et al., 1990; Obmann et al., 2021; Luetkens et al., 2018; Lu
et al., 2022; Li et al., 2016b; Hoad et al., 2015). Considering the broad spectrum of CLDs, a
separate investigation of mapping parameters in patients with specific etiologies of CLD is
required. Following the concept of development and broader clinical implementation of non-
invasive imaging-based, reliable, and accurate biomarkers, we could demonstrate the high
diagnostic value of MRI-derived mapping parameters, even in specific etiologies of CLDs (i.e.,
AlH and PSC).

AlH is considered a relatively rare CLD and predominantly affects young and middle-aged
females (5:1) (Puustinen et al., 2019). Autoimmune hepatitis remains a diagnosis of exclusion
since there is no disease-specific test and one-third of patients present with advanced liver
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disease. However, the epidemiological data on autoimmune hepatitis are likely to be
underreported and underestimated. Based on European studies, the incidence of AlH is
between 0.9. and 2 per 100,000 population per year with a prevalence rate of 11-25 cases per
100,000 population per year (Puustinen et al., 2019). Without timely therapy, AlH can lead to
severe fibrosis and cirrhosis. Liver cirrhosis can develop in about 7% to 40% of treated patients
(Pape et al., 2019). Furthermore, the development of cirrhosis in patients with AIH might be
associated with incomplete response, treatment failure, and multiple relapses. The detection,
accurate staging and life-long monitoring of the disease course are required (Heneghan et al.,
2022).

Studies investigating the role of quantitative mapping in AIH patients are still insufficient or
missing. Using MRE-based liver stiffness as the reference standard for liver fibrosis
assessment, we found a strong correlation between hepatic ECV and liver stiffness
measurements in patients with AIH with a correlation coefficient (r) of 0.80 (P <0.001).
Additionally, hepatic ECV showed high diagnostic performance for the detection of significant
fibrosis (F>2) in patients with AIH, with an AUC of 0.885. Although it is not statistically
significant, the diagnostic performance of hepatic ECV was higher than that of all non-invasive
serologic tests, probably because of liver-specific nature of mapping parameters compared to
clinical scores. The results of this study support previous data and demonstrate that T1
mapping with ECV calculation correlates with the severity of liver fibrosis, also in patients with
AlH (Hoffman et al., 2020). Interestingly, in contrast to previous data, we did not find
significant correlations between T2 relaxation times and liver stiffness measurement
(Hoffman et al., 2020). It might be explained by the fact that, similar to cardiac imaging, T2
relaxation times might be increased in regions of fibrosis with coexisting inflammation, due to
increased water content. Therefore, the absence of significant differences in patients with AIH
and different fibrosis stages can be explained by the same inflammatory activity in the liver at
the time of MRI examination in our study.

PSC is another rare progressive autoimmune CLD, characterized by strictures in both intra-
and extrahepatic ducts. Currently, PSC represents an important cause of morbidity and
mortality in Western societies, with many patients ultimately requiring liver transplantation.
The reported incidence and prevalence in Northern European countries range from
approximately 0.5 to 1.3 cases per 100,000 person-years and 3.85 to 16.2 cases per 100,000

person-years, respectively (Tabibian et al., 2018). Given the progressive nature of PSC and its
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associated morbidity and mortality, there is a large unmet need for disease-specific, reliable,
and accurate biomarkers for the assessment and monitoring of liver fibrosis and therapy
response. According to current guidelines of the American Association for the Study of Liver
Diseases and the European Association for the Study of the Liver, imaging is essential for
confirming the diagnosis of PSC and identification of possible complications (Khoshpouri et al.,
2019; Chapman et al., 2010). Using mapping techniques as a part of MRI examination for the
assessment of liver fibrosis severity can be advantageous due to its ability to encompass the
liver entirely. This is particularly important in patients with PSC, who present with
heterogeneous diffuse parenchymal changes (Khoshpouri et al., 2019). In our study, using
MRE-derived liver stiffness as a reference standard, we found strong correlations between
hepatic ECV and liver stiffness with a correlation coefficient (r) of 0.69 (P <0.001). Hepatic
ECV showed a high diagnostic performance to diagnose significant fibrosis (F 2 2) with an AUC
of 0.858. These results are concordant and contribute to the previous data, demonstrating the
ability of T1 and ECV mapping to detect and stage liver fibrosis (Luetkens et al., 2018; Miiller
et al., 2017; Hoy et al., 2018). Similar to patients with AIH the diagnostic performance of ECV
was higher than that of all non-invasive laboratory tests under investigation.

There are however some issues limiting the interpretation of quantitative mapping
parameters for liver fibrosis assessment. In particular, it is known that T1 relaxation times can
be affected not only by fibrosis but other important confounders such as edema due to the
accompanying active inflammation, fat, and iron deposition (Welle et al., 2022; Ahn et al.,
2021). This poses a challenge as compared to the myocardium, hepatic tissue exhibits a more
complex structure and architecture. The influence of the aforementioned factors on mapping
parameters should be taken into account when assessing the fibrosis stage, especially in CLD
patients in an active stage, where inflammation may dominate and potentially lead to false
positive interpretations. This, however, was taken into account in both above-mentioned
studies. On the other hand, the advantage of parametric mapping is that it is a part of
comprehensive liver tissue assessment alongside with other quantitative techniques (e.g., for
the assessment of iron deposition, fat fraction, and edema). Therefore, the results of our
studies support the clinical application of MRI quantitative mapping in the assessment of liver
fibrosis in patients with AIH and PSC.

Despite underlying etiology, the progression of CLD over time leads to its terminal stage — liver

cirrhosis. Up until recently, the scarring process of cirrhosis was thought to be irreversible.
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Recent studies have suggested the effectiveness of anti-fibrogenic therapies and their ability
not only to prevent severe scarring but also to reverse it (Kisseleva und Brenner, 2011; Nakano
et al., 2020). Stem cells and/or liver cell transplantation represent other promising
approaches, which are currently under active investigation (Esrefoglu, 2013; Yu et al., 2012;
Hu et al.,, 2023). Nevertheless, liver cirrhosis remains the leading cause of death among
nonmalignant diseases worldwide (2020). Development of liver cirrhosis includes an
asymptomatic (so-called compensated) stage, followed by a progressive stage (so-called
decompensated) characterized by portal hypertension and liver dysfunction to failure, ascites,
spontaneous bacterial peritonitis, variceal hemorrhage, hepatorenal syndrome,
encephalopathy. Regardless of etiology of CLD, the assessment of liver cirrhosis severity and
stage is crucial for prognosis estimation and procedural planning. For these purposes,
different clinical scores were developed and implemented with Child-Pugh score as the most
established and used one. According to the studies, the 1-year median survival for Class A is
nearly 100%, Class B is 80%, and Class C is 45%; 5-year median survival for Class A is ~64%,
Class B is 60-75%, Class C is 34-50% (Peng et al., 2016). However, one of the main
disadvantages of clinical scores is that they include laboratory and clinical parameters, which
can be influenced by factors outside the liver. However, in our studies, we did not intend to
advocate the use of clinical scores but to consider probably more specific, and accurate
imaging-based biomarkers, which would add a piece of valuable information and, therefore,
improve patients’ management.

In this regard, various MRI techniques have been tried out to assess the functional aspect of
liver disease or cirrhosis severity, e.g., using DWI extended to intravoxel incoherent motion
(Ye et al., 2020), contrast-enhanced T1 techniques using different techniques and contrast
media (e.g., hepatocyte-specific vs. extracellular (Lee et al., 2016)), and even T1 rho mapping
(Chen et al., 2018). However, these techniques suffer from a lack of standardization (e.g., DWI
and contrast-enhanced MRI) and availability across institutions (e.g., T1 rho mapping).
Quantitative MRI mapping using T1 mapping techniques with a calculation of ECV may
potentially overcome these limitations and allow for the assessment of liver disease severity
(Kupczyk et al., 2021). A representative hepatic T1 map can be acquired during a single breath-
hold and T1 values can be fast and directly obtained from the parametric map (Mesropyan et

al., 2022). Therefore, this technique can be cost-effectively integrated into the clinical routine.
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Therefore, in our next study, we explored the diagnostic utility of MRI-derived hepatic ECV for
the assessment of liver cirrhosis severity in a broad range of patients with CLDs of different
etiologies. We demonstrated that both hepatic native T1 and MRI-derived ECV showed
significant correlations with the Child—Pugh score (r= 0,45 and 0.64, P <0.001 in each case,
respectively) and, MRI-derived hepatic ECV allowed differentiation between Child—Pugh
classes A and B, and B and C with an AUC of 0.785 and 0.944 (P < 0.001, respectively). To our
best knowledge, this was the first study focusing on the ability of ECV to assess liver cirrhosis
severity and to discriminate between different classes of liver cirrhosis severity. Therefore,
the results of our study contribute to the existing data, expanding the clinical application of
guantitative mapping, also in specific patient cohorts, which have been insufficiently
described in the previous literature.

Another crucial therapeutic target in patients with liver cirrhosis is portal hypertension. Portal
hypertension is defined as an increase in pressure in the portal venous system with portal
venous pressure of more than 10 mmHg (La Mura et al., 2015). In advanced liver disease,
portal hypertension develops because of increased intrahepatic resistance to the passage of
blood flow through the liver as a consequence of hepatic fibrosis. A precise diagnosis of portal
hypertension is crucial in clinical management and early interventions for the prevention of
severe complications. Currently, the hepatic venous pressure gradient (HVPG) is considered
the reference standard for the assessment of portal hypertension (La Mura et al., 2015).
However, this is an invasive procedure that carries risks of periprocedural complications.
Therefore, alternative methods for portal pressure measurements and monitoring are
needed.

In our next proof-of-concept study, we investigated whether spleen mapping parameters
could be used to predict portal pressure. In our study, splenic ECV demonstrated a perfect
diagnostic performance for clinically significant portal hypertension with an AUC of 1.000
(P<0,001). Although not statistically significant, the diagnostic performance of splenic ECV was
superior to that of the liver, possibly because liver fibrosis reflects only one aspect of
pathophysiological changes in portal hypertension, while splenic ECV directly reflects all
consequences of portal hypertension, namely congestion, tissue hyperplasia, and fibrosis. In
this regard, splenomegaly in liver disease is likely to be a consequence of portal congestion
with blood pooling as well as pulp hyperplasia and fibrosis (Bolognesi et al., 2002).

Furthermore, ECV measurements showed a higher diagnostic performance compared to T1
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and T2 mapping parameters, likely because ECV is a physiologically normalized measure and
more accurately reflects changes in splenic parenchyma. A previous study had mentioned
post-contrast T1 as a non-invasive marker for portal hypertension (Hoy et al., 2018; Levick et
al.,, 2019). These results were not confirmed in our study. One of the reasons for this
discrepancy might be the differences in patient cohorts, e.g., the mean direct HVPG in our
study cohort was 20.71 + 5.49 mmHg, whereas in the study of Levick et al. only half of the
cohort (47%) had significant portal hypertension (Levick et al., 2019). Another reason for these
controversial results might be that post-contrast T1 values are known to vary depending on
the gadolinium dose, renal clearance rate, scanning time, body composition, and hematocrit
levels.

In line with previous data, we contributed to the investigation of the diagnostic value of MRI
mapping in the assessment of CLDs, also in specific patient cohorts, and expanded the
application of quantitative mapping-derived parameters beyond morphology for the
assessment of liver cirrhosis and portal hypertension severity.

The next step for further and broader implementation of mapping techniques into routine
clinical practice is to make their acquisition and analysis as simple as possible. For this reason,
assuming a known linear relationship between blood hematocrit and longitudinal relaxivity of
T1 we hypothesized that ECV could be calculated without hematocrit sampling (Treibel et al.,
2016). Therefore, in the final study, we implemented a method to easily obtain synthetic ECV
measurement using hematocrit derived from pre-contrast blood T1. The linear relationship
between hematocrit and R1yi00d has been sufficiently investigated, and, therefore, we used R1
for curve fitting (Treibel et al.,, 2016). We demonstrated a strong correlation between
conventional and synthetic ECV in both the validation as well as the whole study cohort with
r=0.97 and 0.99, respectively (P <0.001 in each case). As far as the results of this study can
be compared with the results of existing cardiac studies, these findings support previous data,
demonstrating high correlations between synthetic and conventional ECV (Treibel et al.,
2016). It can be explained by the fact that ECV has other dependencies and additional terms,
making it a more stable and robust parameter. However, regardless of the excellent linear
regression fit and in general strong correlations between blood and synthetic hematocrit as
well as conventional and synthetic ECV values, the main disadvantage of synthetic ECV
application is that it might lead to considerable errors in individual cases (Raucci et al., 2017).

The variability in laboratory hematocrit and calibration of conventional ECV to blood
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hematocrit may also lead to miscategorization. Hence, a precise clinical evaluation based on
medical history, laboratory examinations as well as MRI in individual patients is needed to
minimize potential discrepancies between synthetic and conventional values, and, thereby,
its influence on clinical decision-making.

The studies presented in this cumulative habilitation thesis have several limitations. The main
limitation of the first two studies was the absence of liver biopsy at the time of the MRI
examination. Liver biopsy with its clear drawbacks was performed only once at the time of
initial diagnosis. No follow-up liver biopsies were performed to correlate the histopathological
findings with mapping parameters in the first two studies. Therefore, we considered MRE-
derived and TE-derived liver stiffness measurements as the reference standards for the
assessment of liver fibrosis severity. Another limitation to all studies was the relatively small
sample size. One of the reasons for this was the rarity of patients with autoimmune CLD. On
the other hand, it was due to the explorative nature of the studies presented. Further
prospective studies on a larger population, also in correlation with histopathological findings
are needed to establish the results of studies and further investigate the diagnostic utility of
MRI-derived mapping parameters. Next limitation to all studies was that none of T1
measurements were corrected for hepatic steatosis or hepatic/splenic iron overload, which
are known to have an influence on T1 relaxation times. Despite the fact, that the exclusion
criterion for all studies was iron overload and steatosis hepatitis, further development and

optimization of T1 mapping techniques with a correction to iron and fat overload are needed.
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5 Summary

Despite the global burden and clinical importance of CLDs, non-invasive, reliable, accurate,
and reproducible imaging-based biomarkers for comprehensive assessment and monitoring
of liver disease severity, periprocedural planning, and prognosis estimation are still
insufficient. Therefore, active research in this field continues.

In this cumulative habilitation thesis, we presented and discussed studies investigating the
diagnostic utility of MRI-derived quantitative mapping parameters for the assessment of liver
fibrosis and liver cirrhosis severity. Moreover, we proposed a simple to obtain and reliable
method for ECV calculation without the need for hematocrit sampling.

The high diagnostic utility of T1 mapping with the calculation of ECV was demonstrated for
the assessment and differentiation between different fibrosis stages in patients with AlH and
PSC. The results of these studies support the clinical application of quantitative mapping
parameters in these specific patient cohorts for the non-invasive assessment and monitoring
of liver fibrosis. Furthermore, we expanded the clinical application of quantitative mapping
techniques in patients with CLDs demonstrating their value and high diagnostic performance
for the assessment of liver cirrhosis severity as defined by the Child-Pugh score. In particular,
hepatic ECV revealed high diagnostic performance in discrimination between different Child-
Pugh classes of liver cirrhosis. Hepatic ECV also outperformed other mapping parameters and
clinical markers/scores in differentiation between different Child-Pugh classes of liver
cirrhosis. Additionally, not only hepatic mapping parameters were shown to be useful for the
assessment of liver cirrhosis severity, but splenic parameters were as well. In particular, we
demonstrated and discussed significant correlations between splenic ECV and invasive portal
pressure measurements.

Interestingly, among all quantitative mapping parameters being under investigation in the
presented studies, hepatic and splenic ECV have proven to be more accurate and reliable
biomarkers. They outperformed native T1, post-contrast T1, and T2 in both staging liver
fibrosis and assessing liver cirrhosis severity. Further, the results of our studies suggest that
mapping parameters may overcome the limitation of conventional morphological imaging and
provide valuable information beyond morphology in a single imaging setting. Further

prospective studies are needed to establish the results of these studies and to ensure further
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development, validation and implementation of non-invasive imaging-based parameters into
routine clinical practice.

Last but not least, the proposed method of synthetic ECV calculation without hematocrit
sampling was shown to be reliable, accurate, and reproducible. The use of synthetic ECV may
overcome a limitation related to hematocrit sampling and allow for broader ECV
implementation into routine clinical practice for hepatic applications.

In summary, this cumulative work broadens our understanding and knowledge of clinical
applications of quantitative MRI biomarkers for the assessment of liver disease severity in
patients with CLD, including autoimmune liver diseases, and highlights the importance of
novel imaging-based biomarkers in the detection and characterization of liver fibrosis and liver
cirrhosis severity. Therefore, based on the finding of our studies the clinical application of

guantitative mapping techniques for hepatic applications should be expanded.
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6 Overlap

Darstellung der Uberlappung durch geteilte Autorenschaft

Die vorliegende Habilitationsschrift hat flinf publizierte Originalarbeiten zur Grundlage. Vier
der Arbeiten habe ich als Erstautor (Mesropyan et al., Abdom Radiol (NY) 2021; Mesropyan et
al., BMC Med Imaging 2021; Mesropyan et al Abdom Radiol (NY) 2021; Mesropyan et al., Eur
Radiol 2021) und eine der Arbeiten als geteilte Erstautor veroffentlicht (Mesropyan, Kupczyk
et al., Sci Rep 2022).

Die letztgenannte Arbeit habe ich in enger Kooperation mit meinem geschatzten Kollegen
Herrn Dr. Kupczyk aus der Klinik fiir Diagnostische und Interventionelle Radiologie Bonn
erstellt und die Erstautorenschaft geteilt. Dabei erfolgte die Datenrecherche, Akquisition und
Berechnung des extrazellularen Volumens und der klinischen Scores, statistische Auswertung,
Erstellung von Grafiken und Zusammenstellung des ersten Manuskripts durch mich (auch
teilweise parallel zu Herrn Kupczyk). Die Konzeption, Planung, Patientenakquise und parallele
Berechnung der extrazellularen Volumenfraktionen erfolgte durch Herrn Kupczyk. Die
endglltige Verschriftlichung mit kritischer Diskussion der Ergebnisse erfolgte gemeinsam,
sodass die Teilung der Erstautorenschaft gerechtfertigt ist.

Eine inhaltliche Uberlappung der Publikation mit der kumulativen Habilitationsschrift von
Herrn Dr. Kupczyk ist zwar gegeben, jedoch werden mit dem gemeinsamen Werk jeweils nur
Teilaspekte beider Schriften behandelt. Da meine Habilitationsschrift einen Fokus auf den
Stellenwert der quantitativen Mapping-Sequenzen inkl. extrazellularen Volumens als
bildgebend-basierte nicht-invasive Biomarker fir Leberfibrose und Schwergrad der
chronischen Lebererkrankung und Zirrhose legen wird, keine gréBeren Schnittmengen

zwischen beiden Habilitationsschriften zu erwarten sind.
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