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Chronic liver diseases (CLDs) affect millions worldwide and are a major cause of mortality. Recently,
multiparametric magnetic resonance (MR) methods have been proposed as a non-invasive,

guantitative biomarker for assessment of CLD.

CLD traverses a spectrum of severity, and the aim of this thesis was to apply MR methods across this
spectrum for a quantitative assessment of disease severity. The primary variable of interest was the
iron and field strength corrected T; (cT1), generated by LiverMultiScan™ software from T; and T,*

mapping techniques.

Liver cT; was found to predict liver-related clinical outcomes in patients with CLD (p<0.0001), including
in patients with compensated disease only. Liver cT; performed especially well in patients with non-
alcoholic fatty liver disease (NAFLD), alcohol-related liver disease (ArLD) and viral hepatitis (VH) with

a cut-off of liver cT1>825ms having a negative predictive value (NPV) of 100%.

Liver cT; quantitatively assessed changes in fibroinflammation in 15 patients with chronic hepatitis C
virus (HCV) undergoing treatment by direct acting antiviral (DAA) therapy. Liver cT;: showed significant
decreases from baseline to 24 weeks after end of treatment (EoT) (876 vs 806 ms, p=0.002), from
baseline to 48 weeks EoT (876 vs 788 ms, p=0.0002) and from 24 weeks EoT to 48 weeks EoT (806 vs
788ms, p=0.016).

Spleen cT1 had good diagnostic accuracy for presence of portal hypertension in both an adult cohort
with CLD and a paediatric cohort with autoimmune liver disease (area under the receiver operating
curve (AUC) of 0.85 and 0.81 respectively). In another adult cohort, spleen cT; was predictive of future
episodes of variceal bleeding (AUC: 0.74), especially in those on non-selective beta-blocker treatments
(AUC: 0.97). A reference range for spleen T; and cT: was established using data from the United
Kingdom Biobank population health study and healthy volunteers from our centre. Higher spleen T;

/cT1 was observed in women vs men and in children vs adults.

This thesis provided further evidence that multiparametric MR methods combining T: and T,*

relaxometry can be used across the spectrum of CLD for stratification of disease severity.
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Chapter 1: Introduction
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1.1 Chronic liver disease pathophysiology

The liver plays multiple essential roles including, but not limited to: production of proteins
and clotting factors, breakdown of toxins, excretion of waste products, fat and carbohydrate
metabolism, bile production and others e.g. immune function. The liver weighs approximately
one and a half kilograms, is a red/brown colour and anatomically is placed below the lungs,
to the right of the abdomen. The liver’s blood supply is delivered by dual sources; the portal
vein (from the digestive system) and the hepatic artery (from the heart). The liver is the

largest and one of the most remarkable internal organs; it has the ability to regenerate.

Chronic liver disease (CLD), regardless of the underlying aetiology — be it viral hepatitis,
alcohol misuse or fatty accumulation — is characterised into distinct stages. When there is an
insult to the liver, the liver becomes inflamed, and hepatocytes (liver cells) are

damaged/killed as the immune cells try to deal with the underlying injurious agent.

Constant inflammation, healing and further inflammation over a period of time causes scar
tissue to start forming. This is called liver fibrosis, which begins replacing the healthy tissue.
The remaining healthy tissue must work harder to perform the liver’s functions. Liver fibrosis
is characterised by deposition of collagen in the extracellular space. Over time (15-20 years)
as this scar tissue increases, becomes interlinked, and crosses over, it develops into cirrhosis
and the liver obtains a rough and coarse texture. Patients with cirrhosis are at higher risk of
developing hepatocellular carcinoma (HCC), but can remain asymptomatic for a long period

of time (defined as having compensated advanced CLD, or cACLD).

Cirrhosis can impair blood flow from the portal circulation to the liver and can lead to portal
hypertension (PH), which is associated with development of varices, clinical decompensation

(development of ascites, variceal bleeding, hepatic encephalopathy (HE)), HCC and death.
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1.2 Chronic liver disease epidemiology

CLDs affect an estimated 1.5 billion people worldwide?, with mortality rates of 2 million per
year?. The estimated worldwide prevalence is 25% for non-alcoholic fatty liver disease
(NAFLD)3, 4.5% for chronic viral hepatitis (VH) B and C* and 5.1% for alcohol use disorders
(AUD)®, which can lead to alcohol related liver disease (ArLD). CLDs have previously been
reported to induce cirrhosis in approximately 633,000 patients per year in the United States®.
Once cirrhosis is established, each year approximately 5-7% of patients develop
decompensation’. Cirrhosis is the 11" most common cause of mortality worldwide® and liver
cancer is reported as the 4" most common cause of cancer-related mortality®, with 5-year

survival of only 18%%°.

New efficacious treatments have become available for viral hepatitis C (HCV), and although
large numbers have been treated, there are likely to be many more undiagnosed or still
requiring treatment. There are currently no approved pharmacological treatments for
NAFLD’s more advanced embodiment non-alcoholic steatohepatitis (NASH) or for alcohol-
related liver disease (ArLD). Lifestyle changes are shown to be extremely effective in
normalising liver fat'?, and abstinence from consumption of alcohol is a consistent predictor
of survival in ArLD'2®3 but adherence to both these lifestyle adjustments is low. As a result,
major public health initiatives such as minimum unit pricing (MUP) of alcohol in Scotland and
the sugar tax in the UK have been introduced to tackle the increase in mortality from alcohol

and contribution to the obesity (and subsequently NAFLD/NASH) epidemic from excess sugar.

In the UK, the burden of CLDs from both the human and financial standpoints have been
described multiple times. In a seminal report from the Lancet Commission on live disease in

2014 it was estimated that since the 1970s standardised liver mortality had quadrupled,
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even as death from other causes had decreased. Financially, the full societal costs of alcohol
misuse and obesity have been estimated at between £27-52 billion and £27-46 billion
respectively®>!®, Liver disease disproportionally affects the poorest and most deprived in
society and is a major cause of mortality in younger patients, with patients in the most
deprived quintile of the country dying on average 9 years earlier than the least deprived
quintile!”. This compounds socioeconomic inequality. Liver disease is also associated with
reduced productivity!® and is therefore detrimental to the overall economy. CLDs have been
shown to be associated with higher unemployment, health care expenditure and impairment

in varying aspects of quality of life in the US*8,

It is clear that liver disease is now a major healthcare issue that requires urgent attention. In
this introduction, | aim to briefly describe current diagnostic tools (invasive and non-invasive)
for disease stratification and some of the unmet clinical needs in liver disease. | will then
provide a more in-depth background of how magnetic resonance imaging (MRI) techniques

in particular can be of use in the assessment and risk stratification of liver disease.

1.3 Methods of stratification of disease severity and need for non-invasive tools

Extent and severity of hepatic fibrosis is considered a marker of current disease stage and
hepatic inflammation is thought to be the underlying driver of fibrosis progression. Liver
biopsy, which examines approximately 1/50,000t of the liver parenchyma, is still the clinical
‘gold-standard’ method of assessing these parameters (in addition to liver fat and iron
deposition), despite it being affected by sampling variation, interobserver variability and high
costs'®20, It also has associated risks of complications and requires patients to remain
hospitalised for several hours. Clearly, non-invasive methods to quantify liver fibrosis,

inflammation, fat and iron would be of clinical utility. In addition, there are multiple

24



histological scores used to assess fibrosis (Ishak, METAVIR, NASH CRN) for different disease
aetiologies and differences in fibrosis stage are marked by changes in tissue architecture, not
necessarily amount of fibrosis, thus rendering it only a semi-quantitative tool. These
drawbacks cause some to consider biopsy as neither a true gold-standard for diagnostic
assessment nor an accurate comparator for development of non-invasive diagnostic tools?..
Quantitative histology techniques have been described (e.g. collagen proportionate area
(CPA) analysis), but they still are affected by sampling error. A more useful metric against
which to compare potential non-invasive tools would be prognostic ability to predict clinical

outcomes.

The ability to track changes in liver disease status in response to therapy is an essential facet

of a diagnostic tool in both clinical care and drug development.

The requirement for histological endpoints in pharmacological therapeutics trials for liver
diseases hinders both recruitment and retention rates and requires larger cohorts due to
inherent reporting variability of liver biopsy. There is therefore an unmet need for non-
invasive diagnostic tools that can quantitatively assess changes in liver disease in both the
clinical setting and in trials for drug development, especially in NASH and antifibrotic therapy

trials.

Liver biopsy is also unsuitable for routine follow-up of patients in clinical care. In the clinical
setting of treatment for chronic HCV, until recently the focus was on stratification of disease
severity to enable those with most advanced liver disease to be put forward for treatment to
eradicate the virus. Now the unmet need is shifting towards assessing the effects of these
treatments on liver fibrosis/inflammation and identifying those who, despite viral eradication,

are at heightened risk of HCC development post-treatment. A non-invasive tool that can both
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track disease change and stratify those at future risk of HCC development would be useful in

this context.

PH is a serious complication of advanced liver disease. The current gold-standard measure of
severity of PH is the hepatic venous pressure gradient (HVPG), which is invasive, expensive
and requires considerable operator expertise??. The HVPG is an excellent diagnostic and
prognostic tool®37%¢, and if a non-invasive surrogate biomarker could be found that can
perform similarly, it would be of great clinical utility. Development of varices and subsequent
variceal bleeding are common symptoms of clinically significant portal hypertension (CSPH),
and currently detection of varices is performed by endoscopy. Conducting research to identify
a non-invasive screening tool to avoid unnecessary endoscopies has been recommended by

the Baveno VI recommendations report?’.

1.4 Non-invasive diagnosis of fibrosis, cirrhosis and portal hypertension

Blood serum-based markers are used extensively in both primary, secondary and tertiary care
settings. Simple blood tests and scores derived from them are cheap, repeatable and have
well-established, standardised cut-offs for disease evaluation. They can be affected however,
by extrahepatic factors, exercise levels?® and other variables, therefore lacking specificity to
liver disease. Guidelines?® suggest liver function tests (LFTs) may be normal even in advanced
liver disease and are not infrequently abnormal in the absence of liver disease. Therefore, the
interpretation of blood tests in isolation may be ineffective in diagnosis or exclusion of liver
disease. Certain serum-based composite markers of fibrosis such as the fibrosis-4 score (FIB-
4), aspartate aminotransferase / alanine aminotransferase (AST/ALT) ratio, and the AST to
platelet count ratio index, (APRI) have all shown to have good diagnostic accuracy for

advanced fibrosis/cirrhosis and higher FIB-4 and APRI values are associated with development
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of clinical outcomes3%31, but mainly in studies assessing patients with hepatitis C. Additionally,
serum tests have been shown to fluctuate rapidly post-treatment??, indicating that their
relationship with fibrosis are likely being affected by inflammation. Other more advanced
tests based on blood serum parameters, such as the enhanced liver fibrosis (ELF™) test and
FibroTest™ are considerably more expensive but are able to diagnose severity of fibrosis and
have shown prognostic ability3%33-37 as well, but not all local laboratories perform the analysis

required.

1.4.1 Ultrasound elastography

Elastography measures the stiffness of an organ by assessing the speed of shear wave
propagation through it. Transient elastography (TE) is used widely now in clinical practice and
forms part of published NICE guidelines on management of certain liver diseases3%3°. In TE
mechanical waves are generated and evaluated using an ultrasound probe placed on the
patient’s right side. It measures tissue stiffness over approximately a 1 cm diameter by 4 cm
length region of tissue. It has the advantage of being quick to perform, with instantaneous
results. TE has been shown to correlate with liver fibrosis stage in multiple studies outlined
below. Cut-offs however are not standardised across disease aetiology and TE can be affected
by inflammation, steatosis, congestion and operator expertise. Additionally, it has shown to
have significant technical failure rates and/or rate of unreliability, especially in NAFLD/NASH
patients?®*!, Some of these limitations have been addressed with the addition of an XL probe
that allows the shear waves to travel further into the tissue. Other methods of elastography
measurement include two-dimensional shear wave elastography (2D-SWE), point shear wave
elastography (pSWE)*?, acoustic radiation force impulse (ARFI) imaging*®. For these

techniques, either the shear wave speed (ms™) or Young’s modulus (kPa) is reported.
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Liver fibrosis severity
TE has shown good correlation with stage of liver fibrosis*#*> and good accuracy for presence
of significant fibrosis but has a wide range of cut-offs reported in studies, often with different

cut-offs for different diseases.

Recently a large individual patient data analysis (collecting data from 16,032 individuals from
26 cohorts established healthy ranges for TE, including in healthy nonobese individuals (mean
stiffness 4.68 kPa (95% Cl 4.64-4.73) and identified factors that modified TE values including
diabetes, hypertension, dyslipidaemia and steatosis and that affected the measurement from
the M and XL probes differently*®. Additionally, in this study patients TE values assessed with

the XL probe were higher than TE values assessed by the M probe.

Portal hypertension

Both liver and spleen stiffness as assessed by various forms of elastography have been
evaluated in many studies for the assessment of portal hypertension and its
symptoms/complications. The methods include pSWE, ARFI and TE. Liver stiffness’ ability to
predict clinically significant PH and its correlation with HVPG values are reviewed in a paper
by Berzigotti*’. Additionally, a meta-analysis of 910 patients from 11 studies also showed that
a liver TE cut-off of 13.6 kPa could exclude CSPH effectively and 22 kPa could confirm CSPH

effectively®®.

Spleen stiffness as measured by TE was first shown to correlate well with HVPG
measurements by Colecchia et al*® in 141 patients with compensated HCV-related cirrhosis
and to diagnose presence of varices by Stefanescu et al*® in 174 patients of mixed aetiology.
Studies by Sharma®!, Zykus®?> and Tseng et al®® also independently showed significant

correlations between spleen stiffness as measured by TE and HVPG. Most of these studies
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were in mixed cohorts of patients with liver cirrhosis. However, when including other studies
assessing spleen stiffness’ ability to diagnose CSPH, reported AUROCs have varied between

0.640 and 0.966%".

One systematic review and meta-analysis showed spleen stiffness to have summary
correlation coefficient of 0.72 (95% Cl: 0.63-0.8) and summary AUC of 0.84 (0.72-0.92). Spleen
stiffness has also been used as an adjunct marker to liver stiffness for the detection of varices
as mentioned above>*. A drawback has been that spleen stiffness has been technically feasible

in a smaller proportion of patients than liver stiffness.

Originally, spleen stiffness values only reached 75 kPa, the same upper limit for liver stiffness.
Recently a new spleen specific probe has been developed®® and described in a paper by
Stefanescu et al.”® to increase the spared endoscopy rate when used in combination with the

Baveno VI criteria (for screening of patients with varices) to 26.5%.

1.4.1 Magnetic resonance techniques

The phenomenon of nuclear magnetic resonance (NMR) and the subsequent techniques of
spectroscopy (MRS) and imaging (MRI) are excellent methods to probe for biological,
chemical and physical information in vivo. This is because they do not ionise matter and are

non-invasive.

In comparison to other diagnostic imaging tools such as x-ray (developed by Roentgen in
1895%7), ultrasound (used medically by Ludwig in 1949°8) and CT, MRI is a relatively modern
technique. Original research by Rabi showed that molecules sent through a magnetic field

could emit electromagnetic waves in the radiofrequency range at specific frequencies. Bloch>®
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and Purcell®® extended this work in 1946, and Damadian®! in 1971 showed that NMR could
detect cancerous tissue. Lauterbur®? created the first MR image in 1973, and subsequently

images from the pelvis up to the brain were acquired in the 19805638,

MR techniques are increasingly being used in the assessment of liver disease, both for
gualitative (i.e. tumour detection) and quantitative (quantitation of liver fat, iron or

fibrosis/inflammation) tasks and some of these techniques are reviewed here.

Liver fat

Fatty accumulation can often occur in CLD and is histologically defined as an abnormal
deposition of fat (also termed steatosis) in more than 5% of hepatocytes®. Fatty liver is most
commonly found in patients with ArLD and NAFLD. MRS can accurately quantify percentage
of liver fat and is widely accepted as the non-invasive gold standard. MRS has been extensively
validated against biopsy with excellent agreement’®. Furthermore, it provides a continuous
scale, rather than a semi quantitative one, making it more suitable for longitudinal

observation.

MRS has limitations in that it only samples a small part of the liver (as shown in Chapter 2), is
not always available on clinical scanners and requires significant operator expertise. MRI PDFF
(proton density fat fraction) is another method of quantifying liver fat and is based on a simple
technique of acquiring in and out of phase water and fat images of the whole liver and
generating PDFF through a simple ‘add and subtract’ scheme. MRI PDFF also agrees strongly

with MRS using both DIXON”! and multispectral MRI techniques’? in adults and in children”374,

Both MRI and MRS have been shown to be more accurate in quantifying liver fat fraction than
pathologists’ assessment of histology’>’¢. MR quantification of liver fat is now commonly
used in research into fatty liver, as clinical trial endpoints, and in longitudinal studies assessing
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effects of lifestyle modifications or weight loss treatment on liver fat’”.’8. MRI-PDFF has also
highlighted the prevalence of elevated liver fat (using 5.21% liver fat, 5% of all volunteers had
steatosis and 33% of those with BMI > 30kg/m? had steatosis) in the United Kingdom Biobank

(UKBB) population health study’®.

Liver iron content

Detecting excess amounts of liver iron content (LIC) is important as it is toxic to hepatocytes.
Elevated levels of LIC are most commonly found in patients with hereditary
haemochromatosis (HH) but are also often found in patients with ArLD and NAFLD. Iron
deposition can be identified histologically using Prussian blue staining and graded on a

semiquantitative scoring system but is not used for routine diagnosis of iron overload.

MRI parameters Rz and Rx* (reciprocals of T2 and T,*, described in more detail in Chapter 2)
have been shown to correlate extremely well with LIC323* and are considered the non-
invasive gold standard for LIC quantification. Commercially available quantification of LIC by
R2 methods is provided by FerriScan® (Resonance Health Ltd) for example, and guidelines for

management of patients with HH recommend using MR techniques®.

MRI T>* quantification of LIC has shown the prevalence of elevated LIC (> 1.8 mg/g) to be
approximately 5% in a sample of the United Kingdom Biobank (UKBB) population health study
by McKay et al®. Liver To* has also been shown to correlate with levels of serum ferritin in
patients with NAFLD®’. T>* values of the liver have also been described in healthy volunteers,
again correlating with levels of serum ferritin®. Other less widely utilised methods involve
magnetic susceptibility imaging® and some groups have also attempted to used diffusion

weighted imaging (DWI) to assess LIC in beta-thalassemia patients®.
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1.4.2 Magnetic resonance elastography (MRE)

MRE is a method of investigating the biomechanical properties of tissue. Mechanical
excitations generate longitudinal waves which, when they reach organ tissue, are changed
into shear waves of the transverse kind. These shear waves are imaged using phase contrast
MRI. Post-processing converts the images into elastograms that quantify tissue stiffness. MRE
can be incorporated into a standard MRI examination with the addition of certain hardware
and software. MRE measurements of the liver are now well established as a marker of liver
fibrosis and measurements of the liver and spleen have been investigated for assessment of

PH.

MRE for assessment of liver fibrosis and cirrhosis
MRE has been extensively assessed against histological liver fibrosis®! and has been shown to

have good diagnostic accuracy for differentiating between stages of liver fibrosis®?.

In a systematic review and meta-analysis carried out at our centre (personal communication
from the LITMUS: Liver Investigation: Testing Marker Utility in Steatohepatitis) MRE

performed excellently for diagnosis of significant fibrosis, advanced fibrosis and cirrhosis.

In addition to some single centre studies®>=9>, MRE has been shown in a systematic review
and IPD analysis*® (3 cohorts included, 2 from USA, 1 from Japan) to have higher diagnostic
accuracy than TE in detection of each stage of fibrosis in patients with biopsy proven NAFLD.
In this study the AUCs for stage 1, 2, 3 and 4 for TE and MRE were 0.82 vs 0.87, 0.87 vs 0.92,
0.84 vs 0.93 and 0.84 vs 0.94 respectively. This study excluded failed TE results (81/318, 25%)
and unavailable MRE results (3/318) from the analysis. Another study by Caussy et al®® found
that BMI was significantly associated with discordance between MRE and TE in diagnosis of

fibrosis stage and Wagner et al showed BMI to be independently associated with increased
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technical failure, indicating a confounding effect of factors associated with BMI e.g. liver fat.
It is known that low T2 * (high LIC) can degrade the MRE signal, resulting in failure. Ghoz et al®’
showed that in a study of 95 patients with iron overload, low T,* (<20 ms) was able to predict
non-diagnostic MRE test results with AUC 0.95 and that patients with non-diagnostic MRE
had median T>* 6 ms vs 20 ms for those with acceptable MRE scans. This technique may not
be as applicable in the presence of iron overload and/or obesity. However recent adjustments
to acquisition parameters can improve technical performance in the presence of iron

overload®®.

MRE for assessment of PH
A study showed liver stiffness as assessed by MRE to be correlated with HVYPG measurements
(r = 0.64, p = 0.01) in 15 adults with advanced liver disease caused by HCV, HCV/HIV or

HIV/NASH. In this study only 4/15 had HVPG > 10 mmHg®°.

In a pilot study by Guo et al'®, 10 patients with cirrhosis had MRE before and after
transjugular intrahepatic portosystemic shunt (TIPS) procedure, with HVPG also being
measured. The magnitude of the viscoelastic modulus decreased significantly after surgery in
both liver and spleen, but only the spleen modulus was correlated with relative change of

HVPG.

In a paediatric cohort of 22 patients with biliary atresia having undergone Kasai operations,
splenic MRE values (but not liver MRE values) were significantly different in those with and
without clinical diagnosis of PH, with/without presence of varices, and could predict presence
of gastroesophageal varices with AUC 0.844. However, a low APRI cut-off (0.65) was able to

predict varices with the same AUC%%,
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However, a study by Wagner et al.1%2 showed that liver stiffness but not spleen stiffness,
spleen T1 or liver T1 was correlated with HVPG. In this study, spleen stiffness was only
successful in 27/33 patients (81%) with MRE failure defined as the absence of visualized wave
propagation on the wave images and/or no pixel with a confidence index higher than 95% on
the confidence map. This increased failure rate may be due to the longer distance the shear
waves have to propagate through to reach the spleen than the liver. However, in separate
study (assessing correlation of spleen MRE with liver fibrosis stage) it was found that all

(n=109) patients had 100% technical success rate%3,

3D multifrequency MRE can decompose the viscoelastic parameters of the organ under
observation into different components, namely the stiffness, elasticity and viscosity. The
multifrequency approach also allows the generation of the frequency power law y, which
represent the architectural structure of the tissue. This technique was assessed in 36 patients
with cirrhosis being evaluated for liver transplantation and showed that the splenic loss
modulus, which represents the viscosity of the spleen, was best correlated with HVPG (r =
0.57, p =0.002) and could identify those with severe PH (HVPG > 12 mmHg) with AUC = 0.81
and those with high-risk varices with AUC = 0.93 but had a technical success rate of only
86%194, Another study by Shin et al. showed in 139 patients with liver cirrhosis screened for
varices spleen stiffness by MRE to correlate with grade of oesophageal varices, but failed
17/156 (11%) of patients®. A similar study showed liver stiffness by MRE to have a good AUC

for presence of varices AUC: 0.859 and high grade varices AUC 0.810%°,

This summary shows that there are conflicting results relating to whether elevated spleen or
liver stiffness as assessed by MRE is best associated with HVPG values and clinical symptoms

of PH.
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1.4.3 Molecular MR

Molecular MR (MolMR) techniques have been developed to quantify collagen, which is a
major protein component of the extracellular matrix accumulation that occurs in the setting
of fibrosis. A molecular probe is used in a similar method to the usage of contrast agents in
DCE-MRI. In this case the probe targets collagen rather than hepatocytes, and therefore, is
theoretically a more accurate measure of fibrosis rather than liver function. The probe most

commonly used is EP-3533.

Strong correlations between EP-3533 concentrations and Ishak fibrosis stage have been
observed in rats and mice (r = 0.84 (rats), r = 0.79 (mice)) in one study?’ and liver-to-muscle
contrast to noise ratio following EP-3533 injection exhibited strong correlation with

hydroxyproline (r = 0.89) in mouse model of CCls induced fibrosis in another study°®,

MolMR'’s ability to track response to anti-fibrotic therapy has been assessed in a BDL rat
model in two separate studies, the first assessing response to rapamycin® (Farrar) and the

second assessing response to antifibrotic treatment by EDP-305 in BDL rats*2°,

Another study combining MoIMR and MRE showed that MoIMR was more sensitive to early
fibrosis but MRE more so to advanced fibrosis in a rat model of diethylnitrosamine (DEN)
induced fibrosis, indicating a combination of the two could lead to increased accuracy for

fibrosis staging®!?.

These studies have all been carried out in preclinical models only, indicating significant further

development required before being clinically applicable.
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1.4.4 MR assessment of abdominal blood flow for assessment of portal hypertension

Blood flow and haemodynamics in the portal circulation can become impaired in the setting
of PH, and therefore MR methods of assessing these changes have been investigated to see
if clinically useful information can be obtained from imaging. The most common technique
for assessment of the portal circulation is Doppler ultrasound (US), which can measure flow
velocity. It can only be performed in large vessels, is often unsuitable for visualising collaterals
due to presence of bowel gas and has been shown to have high variability in application for

the assessment of PH!2, It therefore has limited clinical applicability.

2D phase contrast MRI (2D PC-MRI) is a more reproducible!!3!14 technique for evaluation of
blood flow dynamics and PH!> but requires significant time to position imaging planes and

often only visualises large vessels such as the portal vein.

McDonald et al''® showed that blood flow in the superior abdominal aorta was significantly
reduced (p = 0.03) in patients with PH and varices but in no other vessels following the
administration of 4 weeks of nonselective beta-blockers. Palaniyappan et al*'” showed that
the increased blood flow in the azygous vein was significantly correlated with HVPG using 2D

PC-MRI (r = 0.656, p < 0.001), but not in patients with CSPH.

Another application of PC-MRI can yield the splenic arterial resistive index (SARI), which is a
haemodynamic property that quantifies the difference between the peak blood velocity and
the end-diastolic velocity in the splenic artery (SA), normalised to the peak velocity of the SA.
SARI had an AUC of 0.873 for the diagnosis of CSPH in a cohort of 47 patients with cirrhosis of
mixed aetiologies (ArLD 57%, HBV/HCV 34%)%8, Whilst exhibiting a moderate correlation with

HVPG in the entire cohort (r = 0.504), when excluding patients with splenomegaly, SARI was
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strongly correlated with HVPG (r = 0.830) in comparison to liver stiffness by SWE, which only

had a moderate correlation (r = 0.601).

4D flow (i.e. time-resolved 3D flow) analysis allows for retrospective analysis of blood vessels
and visualisation of haemodynamics. Detailed images are obtainable, but small collateral
vessels are still difficult to detect. These techniques have shown mixed interobserver
agreement!'?120 and variable test-retest repeatability depending on size of vessels
examined!??, Studies have used this technique in particular to observe haemodynamic
changes in the portal circulation pre and post transjugular intrahepatic portosystemic shunt
(TIPS) procedures to alleviate portal pressure and have been suggested to be of use in

assessing haemodynamic changes after partial hepatectomy??!.

A recent study by Motosugi et al'?? assessed the ability of 4D flow MRI to predict severity of
varices in 23 patients with known liver cirrhosis scheduled for endoscopy. It showed that flow
in the azygous vein > 0.1 L/min (100% sensitivity and 62% specificity) and fractional reductions
in portal venous flow (100% sensitivity and 94% specificity) were able to distinguish
participants with high-risk varices from those with low-risk or no varices. However,
visualisation only assisted radiologists to view varices in 4/15 patients and although
encouragingly the scan time was reported as only 10 minutes, post processing of images took

an estimated 0.5-1 hour per patient.

2 studies have investigated 4D flow pre-and post-TIPS insertion. In the study by Stankovic et
al'?3, 11 patients with advanced cirrhosis were imaged 24 hrs before and 4 weeks after TIPS
insertion with significant increases in blood flow quantified in the PV, hepatic artery (HA) and
combined splenic and superior mesenteric arteries. In a similar study by Bannas et al*** seven

patients with PH and refractory ascites were imaged before TIPS and 2- and 12- weeks post
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TIPS insertion. This study showed increases in PV, superior mesenteric vein and splenic vein,
and that most of the haemodynamic changes occurred within the 2 weeks post TIPS with no
significant difference in blood flow parameters between 2- and 12-weeks post-TIPS. The
investigators observed TIPS-to-PV flow ratio of 0.8 and 0.9 at timepoints after TIPS in six out
of seven patients who resolved ascites, but a ratio of 4.6 and 4.3 in the single patient with

refractory ascites post TIPS.

The area of portal haemodynamics assessment by MR has therefore shown varied results to

date with varying acquisition techniques and parameters used.

1.4.5 Diffusion weighted imaging

Diffusion weighted images (DWI) provide contrast between tissues due to the differences in
thermal molecular motion of water, otherwise termed molecular diffusion. For an
environment in which molecules’ movement is unhindered, the relationship between
displacement and diffusion coefficient (D) is simple and displacement rises linearly with time.
Contrast this with a bound environment in which molecules can only be displaced a certain
distance and this relationship will not hold. MRI techniques can track phase changes in water
molecules due to their movement and determine the difference in position due to diffusion.
In patients with liver fibrosis and cirrhosis, deposition of collagen is postulated to also increase
the restrictiveness of the environment. Diffusion can be expressed as the apparent diffusion
coefficient (ADC), with a lower value indicating a more restricted environment. DWI

techniques do not require the use of a contrast agent.

DWI has been used in many preclinical studies and also used in studies attempting to assess
extent of fibrosis. However, most of the studies (summarised below) have shown mixed

results.
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Initial studies showed conflicting results with one study showing strong ADC association with
histology activity index (HAI) stage in patients with viral hepatitis (r = -0.798, p < 0.0001) and
Child Pugh Score (p < 0.0001)'?> and another showing no correlation between ADC and
inflammation or fibrosis score in patients with HCV!?®, Since then most studies have used DWI
to assess differences between tumour tissue and surrounding liver parenchyma. However, in
assessment of liver fibrosis the initial story remains similar, with some studies reporting good
associations with stage of fibrosis and other studies reporting the opposite. Bonekamp et al*?’
reported a correlation (r = -0.54, p < 0.001) between ADC and fibrosis stage, but with
significant overlaps in the spread of ADC values between stage, Bakan et al reported?® lower
ADC values in patients with chronic hepatitis than in controls. On the other hand Verloh et
al*?° reported reducing ADC with increasing fibrosis stage, but no difference between cirrhosis
and advanced fibrosis. Bulow et al*3*° in a patient population of 95 showed that ADC was not
correlated with fibrosis stage (R> = 0.38, p = 0.17), and in another study ADC was not
associated with fibrosis in 64 children with NAFLD'3!. Currently it is accepted that DWI is a

good marker of cirrhosis, but still cannot consistently differentiate between stages of fibrosis.

Some of the reason for this may be that DWI is affected by confounders such as
steatosis30132133  jron130134 and perfusion changes in the liver. Technically, DWI is also

challenging, with sequences being extremely sensitive to motion.

In a preclinical study, although fibrosis with decreasing ADC values, the relationship was not
as strong as that of MRE and fibrosis stage'3>. DWI has also been found to be suboptimal when

compared to MRE in other studies in humans?!36:137,
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1.4.6 Intravoxel incoherent motion diffusion weighted imaging

Intravoxel incoherent motion (IVIM) diffusion imaging is another MRI method that attempts
to separate the signal from microvascular perfusion from diffusion to quantify liver fibrosis'38,
This is achieved by performing multiple MRI acquisitions similar to those used in DWI but
using a range of certain scan parameters. Multiple parameters are obtained from IVIM
protocols that relate to diffusion, perfusion-related diffusion and perfusion fraction. Some of
these parameters have been shown in some studies to negatively correlate with increasing
fibrosis stage!3®-41 and liver function scores!*?. However, these studies have also shown large
overlaps in these perfusion/diffusion values between fibrosis stage, making IVIM as yet
unsuitable for accurate diagnosis of fibrosis stage as evaluated in a review by Li et al'*3.
Another study has shown IVIM to be inferior to MRE for predicting significant and advanced
fibrosis'#4. Additionally, there are major variations between research groups in the MR scan

protocol parameters and post-processing protocols used. IVIM may be a promising field but

requires significant improvements in these areas.

1.4.7 Arterial spin labelling

Other studies have aimed to use arterial spin labelling (ASL) to quantify perfusion parameters
of the liver parenchyma, as both cirrhosis and HCC can cause regional and global perfusion
changes. This technique magnetically ‘tags’ a group or ‘slab’ of protons that are entering the
liver via either the hepatic artery or portal vein. These water protons flow into the area of
interest, where they modify the magnetic equilibrium of that tissue (by about 1-2%).
Subtraction of this image from a normal image acquired prior to labelling yields a perfusion-
weighted image. This technique has been used in the brain extensively but is more challenging

in the liver due to movement and also the dual input of arterial and venous blood.
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Studies have shown feasibility of the technique in mice'#*, differences between controls and
mice with hepatitis (p = 0.008)'*¢ and normal values in the human liver4/148 Studies have
examined the ability of ASL to dynamically assess changes in hepatic perfusion in pre- and
post- prandial conditions, showing a significant increase in perfusion both healthy

volunteers'*® and in patients with compensated cirrhosis*°.

1.4.8 T1 relaxometry

T;1 relaxation is a characteristic MRI property of atoms. Hydrogen is the most abundant atom
in the human body and is present in almost all tissue as a constituent of water, fat, cartilage
etc. Hydrogen has different T relaxation times depending on its surroundings, described in
further detail in Chapter 2. This results in different tissues having different characteristic T1
values. This can be utilised in generating contrast in traditional MR images to assist clinicians
in observing abnormalities (e.g. torn cartilage in the knee) but can also be used quantitatively

to extract numerical T1 values from images (or ‘maps’) of various tissues.

Quantitative T1 mapping was first utilised in the brain and is currently extensively used in
assessment of cardiac disease, with many current techniques based on the Look-Locker
method proposed in 1970%. Liver T; mapping came to the fore slightly later, due in part to
initially modest results in diagnosis of fibrosis stage, but also due to the discovery of

confounding factors that affect measurements of Ti.

Studies in 198132, 198213 and 1994'>* showed that liver T; measurements were higher in
patients with either cirrhosis or chronic active hepatitis (CAH) (now believed to be hepatitis
C, which was not discovered until 1989) when compared to healthy controls. Thomsen et al>>
also showed longer T1 in cirrhosis but T1 did not show an association with histological fibrosis

(n = 10). The ability to diagnose anything other than cirrhosis vs healthy controls in both
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humans and in animal studies did not advance until fairly recently. In 1987, the Clinical NMR
group®® not only observed a tendency of longer T1 times in patients with cirrhosis and
hepatitis, but also in patients with inflammation and no cirrhosis indicating inflammation as
a confounding variable on liver T1. Shorter T1 was observed in patients with high LIC in this

study.

In 2012, conflicting results from two studies showed Ti to be shorter’” and longer'®® in
patients with cirrhosis. In addition, 2 studies in rat models of fibrosis induced by
thioacetamide and carbon tetrachloride found no significant differences between controls
and treated rats'®>1®0 An important finding by Chamuleau et al'®! elucidated another
confounding variable that could contribute to longer T1 values. The investigators observed
increases in T in rats administered with CCls that were due to drug induced oedema rather

that fibrosis.

A study by Cassinotto et al'®? then showed that liver T; mapping had a higher diagnostic
accuracy than liver and spleen DWI for the diagnosis of cirrhosis, CP B/C cirrhosis and large
varices (p < 0.01) in a prospective cohort study of 40 healthy volunteers and 89 patients with
varying levels of cirrhosis. A study investigating fibrosis induced in 60 rats by bile duct ligation
(BDL) and CCl4s measured T1 values 4 weeks after treatment and showed that T; was increased

in the BDL rats but not in the CCls-administered rats®3.

Hoad et al'®* provided further evidence that presence of high LIC shortened T; relaxation
times and that presence of hepatic inflammation in patients without advanced fibrosis
lengthened T; times. Recently another study recommended that T1 mapping imaging slices
should be acquired in parts of the liver not adjacent to the lung, as liver T1 measurements

were found be significantly shorter by an average of 33 ms nearer the lung (p < 0.001), The
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lower values were postulated to be due to air-induced susceptibility effects, suggesting

another confounding variable or at least a positioning constraint on the acquisition technique.

1.4.9 T1p relaxometry

T1 relaxation time in the rotating frame, ‘spin-lock’, or T1p is a specific form of T1 mapping. In
this technique, after longitudinal magnetisation is tipped into the transverse plane, a second
pulse is applied, effectively locking the magnetisation into the transverse plane without phase
decay. The Tip time is the time taken for this magnetisation to decay and is dependent on
both T1 and T, of the tissues, certain aspects of which can be amplified by acquisition

parameters. The benefits of T1p are that like T: mapping it does not require a contrast agent

Two studies have shown T1p’s ability to differentiate between Child Pugh (CP) class of liver
cirrhosis!, with values for CP-A, CP-B and CP-C being 45.4, 50.0 and 54 ms respectively at
1.5T%% and values for CP-A and CP-B/C being 47.07 and 51.09 ms respectively at 3T1¢’. Both
these studies were also able to differentiate between healthy volunteers and any stage of
cirrhosis with healthy volunteer values of and 39.37 at 3T. Another study has also examined
healthy and fibrotic livers at 1.5T, showing the coefficient of variation (CoV) of Tip values
between two repetitions in the same day session to be 0.83 £ 0.8 % and on different days to
be 5.4 + 2.7 %%, In this same study T1p correlated with METAVIR fibrosis stage (r = 0.99, p <
0.05), albeit in only 5 patients, with some showing significant inflammation which could be a

confounding factor.

In a study investigating concurrent T1p, T>* and PDFF in 18 healthy volunteers, patients with

fatty liver and patients with fibrosis apiece it was shown that mean Tip values were not

! Child-Pugh (CP) class A — compensated cirrhosis, CP class B — decompensated, CP class C — end stage.
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significantly different (p = 0.999) between the healthy volunteers and those with fatty liver,
indicating that it is unaffected by presence of steatosis!®®. In addition, T1p and PDFF values
were different between the groups, but T>* was not, but within the normal range so effect of
iron overload on T1p could not be studied. T1p was able to predict liver fibrosis with AUC 0.855
with sensitivity 78% and specificity 100%. In this study no patients with both fibrosis and fatty

liver were included, limiting the investigation of possible effects of fat on T1p.

Confounding effects of inflammation on fibrosis estimation are also observed in T1p mapping
as shown in a rat study!’%. This study showed significant increases in T1p in a CCls administered
rats but was shown that this increase could not solely be attributed to fibrosis as there was
significant inflammatory presence but not evidence of fibrosis on histology in early
assessment post CCls administration despite an increase in Tip. However, the T1p values did
not return to normal after CCls was removed, and this coincided with residual fibrosis in the
rats. Another study of 52 rats with CCls induced fibrosis showed that T1p had a similar AUC to
the IVIM-derived true diffusion coefficients (Diue) for across all fibrosis stages (0.92), which

was higher than T, and the ADC values alone (0.86 and 0.82 respectively)’%.

T1p is susceptible to Bo and B1 magnetic field inhomogeneities and is therefore an interesting

emerging technique requiring further validation and assessment of confounding variables.

1.4.10 Dynamic contrast-enhanced studies

The injection into the bloodstream of a contrast agent, usually a chelated metal (e.g.
gadoxetate, Gd-EOB-DTPA, can lower the measured tissue Ti. Certain contrast agents are
taken up by hepatocytes and excreted into bile. Images are continuously acquired starting
before injection and at certain times after injection. Viewing the ‘wash in’ or ‘wash out’

phases can yield improvements in detection of tumours and lesions. Since the contrast agent
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is taken up by the hepatocytes specifically, DCE-MRI can assess liver function as well as
severity of fibrosis/cirrhosis. Those patients with poorer liver function will retain more
contrast agent for a longer period of time as their hepatocyte count may be smaller, or their
hepatocytes may not be functioning as well as normal. Indices associated with DCE-MRI
include the ratio of signal intensity (SI) to a reference Sl such as that of spleen or muscle, and
rate of uptake (kz) which is the rate of agent uptake by the hepatocytes. Some contrast agents
used can be unsuitable for those with renal insufficiency as the agent may be excreted via the

kidneys.

Liver fibrosis severity

Juluru et al*’? showed in a prospective case-control study of 22 patients with various stages
of fibrosis that hepatocellular uptake rate (k:) was negatively correlated with fibrosis stage (r
=-0.55, p = 0.01) and had AUC 0.84 for distinguishing severe (F3-4) from non-severe (FO-2)
fibrosis. Noren et al'’® showed that liver to spleen contrast ratios (LSC) at 10 and 20 minutes
post injection and k: could distinguish severe from mild fibrosis (AUCS 0.71, 0.80 and 0.78
respectively) in a cohort of 38 patients with varying aetiologies of CLD. Hako et'’* in a
prospective cohort of 19 healthy individuals and 59 with chronic HCV/HBV showed that a
combination of a composite score including liver surface changes, inhomogeneities and LSC
ratio (MRI Triple test) after 20 minutes post injection could differentiate between mild and

severe fibrosis (F1-2 vs 3-4) and correlated with fibrosis stage (r = 0.86, p < 0.01).

Liver function
Ning et al*’> showed that relative uptake rate was associated with bilirubin (r = -0.52, p =
0.015), pre-albumin (r = 0.58, p = 0.0015) and prothrombin time (PT) (r = -0.51, p = 0.026),

indicating its ability to assess liver function. Another study showed that post contrast T;
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reduction rate was associated with indocyanine green (ICG) clearance rate (r = 0.86, p <

0.001)176.

Preclinical studies

A multicentre preclinical trial aimed to assess the suitability of gadoxetate DCE-MRI to assess
damage to the liver by drug induced liver injury (DILI) in 22 rats'’’. DCE-MRI parameters k;
and k; (uptake to and efflux from hepatocytes) were significantly impaired with consistent
effect size across all 4 centres by a clinical dose of rifampicin. Another study aimed to assess
the correlation between fibrosis induced by thioacetamide and DCE-MRI parameters in 24
rats split equally into 3 groups (high dose, low dose and control)!’8. The initial AUC at 15 mins
(iIAUC-15), iAUC-3, relative liver enhancement at 3 minutes (RLE-3) and maximum
enhancement Emax correlated best with fibrosis (r = -0.81, -0.78, -0.80, and -0.81,
respectively), and had best diagnostic accuracy (100%) for any degree of fibrosis. Zhou et al*”®
were able to show that DCE-MRI parameters were able to distinguish between all stages of

fibrosis severity in a piglet model of induced fibrosis over a 22-week longitudinal study.

Direct comparison with other techniques

Although DCE-MRI has in general shown good performance for diagnosis of fibrosis and
cirrhosis, a recent study by Keller et al*8® prospectively comparing DWI and DCE-MRI for the
diagnosis and staging of hepatic fibrosis in 47 patients with primary sclerosing cholangitis
(PSC) showed that DWI (ADC) had a higher diagnostic accuracy for detection of fibrosis FO/1
from F2/3 and F4 than DCE-MRI ki. However, in this study fibrosis stage was determined by

TE as a reference standard, not histology.

In a study by Dyvorne et al*3’, 60 patients with CLD were prospectively assessed using IVIM,

DW!I, DCE-MRI, MRE and TE in a head-to-head study to determine the best predictor of

46



fibrosis. DCE-MRI was not available in 9 patients due to renal insufficiency, whereas MRE
failed in 4, DWI in 3 (both mainly due to iron deposition) and TE failed in 2/48 (4.1%). DCE-
MRI mean transit time (MMT) was moderately negatively correlated (r = -0.37, p with fibrosis
stage but not inflammation grade. However, MRE was the only variable that correlated with
collagen content and performed better than DCE-MRI parameters for diagnosis of fibrosis
stage. This highlights the pitfalls of the contrast agent as well as indicating that DCE-MRI may
not be as useful as a marker of fibrosis than MRE. Another study by Wagner et al*%? examined
the ability of a DCE-MRI derived parameter, the liver upslope for the prediction of PH and
CSPH. Liver upslope was shown to be no better than liver stiffness as assessed by MRE for

either PH or CSPH.

DCE-MRI remains a useful technique, and is used for tumour detection already, but still

requires further research into its diagnostic ability for fibrosis stage.

1.4.11 Texture analysis

Another interesting but as yet unestablished MR technique is texture analysis (TA) of MRI
scans to diagnose fibrosis. TA involves statistical quantification of organ MR signal
heterogeneity, the underlying theory being that as fibrosis advances, these statistical markers
of signal heterogeneity also change. Some of the statistical parameters assessed are mean
value, standard deviation (SD), skewness, entropy and kurtosis of the image signal, usually
taken from an operator-defined region of interest. A recent study showed that SD and
entropy of a T1 weighted image was able to identify severity of fibrosis with AUC of 0.755 and
0.769 (significant fibrosis) and 0.746 and 0.754 (advanced fibrosis) respectively*®!. These

results indicate only fair diagnostic accuracy, and so more work is needed in this field.
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MR fingerprinting (MRF) is another technique that rapidly acquires T1, T2 and B1 (magnetic
field) maps in one breath hold. In MRF acquisition, the imaging settings are allowed to vary
as if by random. The signals obtained are then matched by an algorithm to a template or pre-
defined ‘dictionary’ of signal evolutions from all possible scenarios. Applying this technique
in the abdomen is challenging due to respiratory motion, but one study has shown its early
applicability in obtaining healthy volunteer T1 and T, values from liver and spleen (among
other tissues) that are similar to the literature in a 19 second breath hold*®2. MRF was also
able to distinguish T1 and T, differences in liver metastases from the surrounding liver

parenchyma in 6 patients, indicating multiple uses in clinical practice.

1.4.12 Multiparametric MRl studies
With the field of liver MRI growing and the techniques therein advancing significantly, several
studies have investigated the use of combinations of techniques to best diagnose disease or

stratify patients by severity of risk.

More recent studies investigating liver (and spleen T1) have yielded important information.
Hoad et al'®* presented a decision tree model using liver T1, T>* and the ELF test to assess
which patients needed to be referred for biopsy. In this study all patients with high iron (T2*
< 22.6 ms) were referred for biopsy for assessment of iron overload and the remainder
assessed by firstly the ELF test and then liver T1. The aim of this study was to accurately
identify those with either fibrosis or inflammation and exclude those at low risk. Feier et al83
took another multiparametric approach including ADC from DWI, signal intensity (SI) from
susceptibility weighted imaging (SWI) and contrast enhanced T1 mapping. This study showed
that when combined, relative enhancement (RE), liver-to-muscle ratio (LMR) and ADC

measurements could distinguish between all METAVIR fibrosis stages with excellent
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diagnostic accuracy (= 90% for all). In a cohort of 60 patients with compensated cirrhosis
(devoid of high liver iron content (LIC)), liver T1 was shown to be predictive of liver-related
clinical outcomes, and showed increasing liver T1 (p < 0.001) across healthy volunteers (n =
40), patients with compensated cirrhosis and decompensated cirrhosis (n = 7). These
changes in liver T1 were accompanied by increases in liver volume (p = 0.006) and reductions
in liver (p <0.001) and splenic perfusion (p < 0.001). Another study by Palaniyappan et al*'’
examined the association of liver and spleen T1 among other parameters with severity of PH
in 30 patients undergoing HVPG measurements (47% had CSPH (HVPG > 10mmHg). The
investigators showed that liver T1 correlated well with HVPG (r = 0.835, p < 0.001) along with
splenic artery, superior mesenteric artery velocity and azygous vein flow, and that spleen T
correlated with HVPG across the whole patient group (r = 0.40, p = 0.028), but not in patients
with CSPH. Decreases in liver T1, T2 and T,* along with an increase in liver tissue perfusion
have also been observed in the short-term (median follow-up 22 days) after treatment for
chronic HCV in a study of 17 patients imaged pre and post direct acting antiviral (DAA) therapy

by Bradley et al*®>,

1.4.13 Iron-corrected T1 (cT1)

One such multiparametric approach is to use T1 mapping, T.* mapping and MRS/MRI for a
holistic liver assessment of liver fibroinflammation, LIC and liver fat respectively. Up until the
development of an algorithm developed by researchers at the Oxford Centre for Clinical
Magnetic Resonance Research (OCMR) to correct for the confounding effects of high liver iron
content (LIC) on measurement of liver T1 values'®, studies had often tended to exclude those
with high LIC. This algorithm measures iron using T>* maps and transforms the acquired Ty
maps appropriately to counter the confounding effect of iron, yielding the iron corrected T1

(cTq).
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The application of this algorithm to measurements of liver T1 in a cohort of 79 prospectively
recruited patients with CLD resulted in excellent diagnostic accuracy for diagnosis of any stage
of Ishak fibrosis (F > 1) against no fibrosis and correlated with r = 0.68 against morphometric
fibrosis. Since then, liver cT1 has been shown in the form of a liver and inflammation (LIF)
score from 0-4 to predict clinical outcomes in patients with CLD*®, with a negative predictive
values of 100% for any patients with a LIF score < 2. Liver cT1 has been shown to have excellent
repeatability and reproducibility metrics!®, to have a tightly distributed range of values in a
nominally healthy population!®, and has been used as a secondary endpoint in clinical trials
investigating therapeutics for NASHO. It has also been shown to correlate with severity of
steatohepatitis and differentiate between simple steatosis and NASH with an AUC of 0.80 and
identify significant NAFLD with AUC 0.89'°1. Uncorrected liver T1 was shown to increase
significantly in rats administered with CCls for 4 and 12 weeks and liver PDFF was shown to
increase in rats fed a methionine and choline deficient (MCD) diet, with no decreases in liver
T,* in the CCls treated rats, but a significant decrease observed in the MCD diet rats, indicating

steatosis to have a confounding effect on Ty*.

Liver cT1 is one of the imaging modalities being assessed in the large multicentre LITMUS trial
(Liver Testing Marker Utility in Steatohepatitis) to identify the best non-invasive markers in
the diagnosis of fibrosis in patients with NAFLD and in diagnosis of NAFLD vs NASH. Liver cT1
was the primary outcome measure in a trial assessing liver health (minimum functional liver
remnant (FLR)) pre and post liver resection surgery called the HepaT1ca study®®?, and is being
utilised in a multicentre NAFLD health economics trial (RADICAL, ClinicalTrials.gov Identifier:
NCT03165201) as well as others. Corrected T1 mapping is also being assessed in multiple
organs (liver, spleen, pancreas, kidney) for the holistic assessment of type 2 diabetes mellitus

(NCT04114682).
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The effects of iron and inflammation on liver T1 assessment of fibrosis have been
reported®®'® Out of these two confounding factors, liver iron has been accounted and
corrected for by cT;, but the effect of the inflammatory component on the T; signal cannot

yet be separated from the fibrotic component.

Liver cT1 is provided by Perspectum Diagnostics Ltd through their LiverMultiScan™ service
and since these publications, the iron correction algorithm has been refined and another
algorithm has been incorporated that accounts for variations in liver T1 across magnetic field

strengths and MRI scanner vendors by standardising to a reference scanner and field strength.

Liver and spleen cT1 were the primary variables of interest in this thesis.

1.5Aims

Previous work has shown liver cT; in the form of the LIF score to predict clinical outcomes in
patients with CLDs over a relatively short follow-up period'®’. The LIF score has been
abandoned and the algorithm to calculate liver cT1 has been updated significantly. Further
evidence of liver cT1’s prognostic value in larger cohorts over longer follow was therefore
required. A landmark was achieved in the development of direct acting antiviral (DAA)
treatments for chronic HCV, but their effect on disease regression is not well studied —
therefore we aimed to assess the ability of liver cT1 to quantitatively assess changes over the
medium term. A pilot study from our centre had shown that spleen cT1 correlated well with
HVPG'*3 and another study had shown spleen T to be associated with HVPG!'’; another aim
therefore was to investigate these findings further by collating MR data from multiple centres
for the prediction of PH. The establishment of a normal range of spleen T1/cT: was also

necessary to assess the applicability to the wider population.
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The aims of this thesis therefore were:

1. To assess the prognostic ability of the new, standardised liver cT1 to predict clinical
outcomes over longer time and in a larger cohort than previously reported

2. Toassess the ability of liver cT1 to track disease regression in patients undergoing DAA
treatment for chronic HCV

3. To assess the ability of spleen T1 and cT1 to diagnose CSPH in multiple centres

4. Toinvestigate spleen T1 and cT1 in healthy volunteers and participants with no known

liver-related illness to establish a normal range of spleen T1 and cT1
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Chapter 2: General Theory and

Methods
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2.1 Nuclear Magnetic Resonance theory

The phenomenon of nuclear magnetic resonance (NMR) and the subsequent techniques of
spectroscopy (MRS) and imaging (MRI) are non-ionising, non-invasive, versatile and
repeatable methods to probe for biological, chemical and physical information both in vitro

and in vivo.

The quantum mechanical phenomenon of nuclear spin is at the heart of NMR. Atomic nuclei
experience a nuclear spin if they have an odd mass number and/or an odd atomic number.
The quantum mechanical nature of the nuclear spin can be explained by using classical
mechanics. The nucleus is considered to be spinning on its own axis with constant velocity
about a point and thus with constant angular momentum when not subjected to any external
force. Since the nucleus carries an electric charge, and is ‘spinning’, a current loop and thus a
magnetic field is formed. The defining attribute of this magnetic field is its magnetic dipole
moment (W), which is classically a product of the current and the area of the loop (Figure 1A).

As a result, the nucleus can be thought of as a minute bar magnet.

The work presented in this thesis is limited to the investigations of hydrogen nuclei (protons)

only.

Under normal conditions, the protons are randomly aligned (Figure 1B), and the vector sum
of their individual magnetic moments, i.e. the net magnetisation is zero. However, when an
external, static magnetic field is applied (Bo), the protons become aligned in one of two ways
in relation to the magnetic field: parallel or antiparallel (Figure 2A). There is a discrete energy

difference between these two alignments.
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Figure 1: Protons in the absence of an external magnetic field. A) a proton revolving around its axis
of rotation with magnetic dipole moment p in the direction of the arrow. B) Random alignment of
protons’ magnetic moments in the absence of any external magnetic field.

Hi

Figure 2: Protons in the presence of an external magnetic field. A) a proton’s precession around its
axis in the presence of an external magnetic field, with the contribution of the magnetic moment in
the z direction depicted by W, B) alighment of protons’ magnetic moments in the presence of a static
external magnetic field (Bo), C) contribution of the different protons alignments to the net
magnetisation M..
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The populations of the two different proton alignments in the presence of a static magnetic
field are determined by the Boltzmann distribution4. The ratio of the protons at lower
(parallel, N;) and higher (antiparallel N,) states are dependent on their energy difference AE

and surrounding temperature T and are expressed in equation 1 below.

N _AE _hyB, 1
_Tze kBTze kBT, ()

Ny

where kp is the Boltzmann constant. Equation 1 can be approximated by applying the

Maclaurin series expansion and taking the first two terms yielding equation 2.

N . hyB, (2)
N, kyT

The subsequent difference in protons in the parallel and anti-parallel states (n) is extremely
small and therefore can be approximated to be equal. n is represented by equation 3 where
N represents the total number of protons and Bz represents the contribution of the B field in

the z direction

NhyB, (3)
2kgT

n=

In general, there will be more protons in the lower energy state, however at body
temperatures, at which in vivo investigations are generally carried out, the difference in

populations is minimal. Consequently, the net magnetisation (Mo) is very small.

Although the alignment of the two spin states described above may lead one to think that

they are completely made parallel/antiparallel each individual proton is actually at a slight
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angle as depicted in Figure 2B and the protons are distributed as in Figure 2C. When any of
these protons is placed in the static Bo field, it experiences a torque, therefore My (as the
simple vector sum of the moments) feels a torque, and precesses around the By field (Figure
2A) with a specific resonant frequency (called the Larmor frequency). This is also the
frequency required to excite the protons from the parallel state to the antiparallel state. Mg
can be visualised as a motionless vector in the same direction as considerably stronger Bo;
this therefore makes its detection difficult without some sort of perturbation. There must be
some component of the magnetisation in the transverse plane to be detected. To achieve
this, an oscillating magnetic field B1 is applied in the transverse plane with frequency of
oscillation equal to that required to excite the protons from the lower to higher energy states.
B; is applied as a pulse with frequency in the radiofrequency (RF) range (hereafter termed RF

pulse).

The effect of applying B1 can be thought of as ‘flipping’ Mo into the transverse plane. The
extent to which it is flipped can be described by the nutation angle (angle through which the
magnetisation vector is rotated, also called the ‘flip angle’), which depends on how long B1 is
applied for as well as its amplitude. The application of this B field has two effects on the
protons; firstly, the protons become more equally populated as the flip angle gets closer to
90°, secondly the protons attain coherence (are in phase), thereby generating transverse

magnetisation.

The longitudinal and transverse magnetisation components can be written with respect to

the flip angle 6 as such:

M; = Mo cos 6, (4)
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and:

Mxy= MO S|n e, (5)

where M; is the remaining longitudinal magnetisation, M,y is the component now in the

transverse plane.

The longitudinal magnetisation relaxes back towards the z-axis and the transverse component
decays to zero after the B1 pulse is removed. The recovery and relaxation time evolution of
the longitudinal and transverse components of the net magnetisation vector are the solutions
to the Bloch equations®. The Bloch equation describes the time evolution of the net
magnetisation vector and includes terms for the precessional motion and the recovery of
magnetisation:

dM(t L M)+ M) M) —M, (6)
()=nyB_ (O + M) M) - M,
dt T, T;

The penultimate and ultimate components of equation 6 describe the dephasing of protons
in the transverse plane (x-y) and the longitudinal (z direction) recovery of net magnetisation,

respectively. These processes are called T1 and T, relaxation.

Longitudinal, or ‘T1’ relaxation back to the equilibrium state Mo after a 90° excitation is

described by solving equation 6 for Mz:

M, (t) = Mo (1 - e ¥™) + M, (0) e/™ = Mo (1 — e /™), (7)
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where T1 is the characteristic time constant (defined by the time at which point the
magnetisation has recovered to 63% of the original M;) unique to different types of
compounds and their chemical environment and remembering that M, =0 at t = 0 (when the
magnetisation is entirely in the transverse direction). T1 indicates not only the time taken to
return to Mo but also the time taken for the protons to initially become magnetised by Bo. The
mechanism governed by this time constant is defined by the thermal interactions between
the nuclei and the surrounding molecular environment. The nuclei lose energy through
dissipation, fall back to the lower energy state and align with the Bo field. As a result, T1 is
highly Bo dependent (it increases with increasing Bo). T1 is also temperature dependent, but
for in vivo studies as described exclusively in this thesis, body temperature is fairly
homogenous and so this effect is negligible. The mechanism continues until the

magnetisation has returned to equilibrium.

Ty times of protons are highly dependent on their ‘tumbling rate’, which is in turn determined
by their restrictedness/freedom of their movement. When the tumbling rate is close to the
Larmor frequency, T1 relaxation is most efficient and therefore shortest. Water molecules
whose movement is restricted for example water bound to proteins or other large molecules
have low tumbling rates. Water compartmentalised in tissue will have higher tumbling rates,

and water that is unrestricted such as in blood will have the highest tumbling rates.

Magnetic field strength also affects T; relaxation times of macromolecules (e.g. proteins) and
water in restricted pools (e.g. intracellular water). However, because unrestricted/free water
molecules (e.g. blood) have tumbling rates that span a wide range of frequencies, they are
not affected so much by an increase in field strength. On the other hand, restricted water

molecules contain a much smaller percentage of protons that can tumble at the higher
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frequency required by the higher field strength, resulting in longer T1 times as depicted in

Figure 3 that shows the spectral density functions of free, restricted and bound water

molecules.
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Figure 3: Spectral density functions of different water pools

The mechanism behind the decay of transverse magnetisation, or ‘T,’ relaxation is dependent
on the interactions between the excited protons themselves and governed by changes in
entropy. As the protons interact, they fall out of phase with one another, destroying the
transverse magnetisation as time passes. No energy is lost through this process. The

mechanism is described by:

My (t) = Myy (0) e¥T2, (8)

where T is the characteristic time constant. T, < T1 since |M(t)| cannot be larger than Mo.

When the effects of magnetic field inhomogeneities are taken into account, the transverse
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magnetisation decays more quickly, since localised regions of different field strength cause

the protons to dephase faster and have a shorter characteristic time constant called T»*.

T; times of protons (at fixed magnetic field strength and temperature) are dependent on their
surroundings, in particular their chemical and electrical environment. In general, protons that
are ‘freer’ i.e. are in continuous and more rapid motion, have longer T1 (i.e. water in the
cerebrospinal column) than those that are constrained by their physical environment (e.g.

intracellular water or water bound to macromolecules).
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2.2 Magnetic Resonance Imaging

In order to create an image from the NMR signal, one needs to know the precise locations of
the different protons and therefore required making their resonant frequencies position
dependent. This is done by employing magnetic field gradients that cause the static magnetic
field Boto vary linearly with position. This allows a slab or ‘slice’ of protons to be excited, and
those protons within the slice to be given their own position dependent phase. This allows an

image or a ‘map’ of the signals from the different protons to be formed.

2.2.1 T1 mapping

T1 mapping can be performed using a number of techniques!®>%, and in this thesis the
shortened modified Look Locker Inversion recovery (shMOLLI)!®7 sequence was used.
shMOLLI samples the T1 relaxation curve after a 180° excitation, called an inversion, used to
flip the longitudinal magnetisation. An adiabatic hyperbolic secant inversion pulse is used in

order to minimise effects of Bo field inhomogeneity.

The longitudinal magnetisation is inverted a certain number of times during the acquisition
process. Each inversion is followed by a certain number of balanced steady-state free
precession (bSSFP)°® readouts each. The shMOLLI sequence can adopt many ‘schemes’ which
differ by the number of acquisitions and/or time between inversion pulses. An inversion pulse
followed by 5 bSSFP readouts followed by two sets of 1 RR period followed by 1 bSSFP readout
would be termed a 5(1)1(1)1 scheme (Figure 4), with the numbers outside brackets referring
to the number of bSSFP acquisitions and the bracketed numbers referring to the recovery

period between Tls. An exponential curve is fitted to those points, estimating the T;.
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Figure 4: Simplified shMOLLI pulse sequence diagram. Adiabatic inversion pulses precede bSSFP
readout blocks (comprising series of 35° pulses), which are synced to end-diastole a). The bSSFP
readouts sample the time evolution of Mzb). Green line represents a tissue with long T1, and orange
represents tissue with a short T. Individual readouts are re-ordered according to inversion time and
are fitted to a monoexponential recovery curve. The conditional fitting algorithm fits five points for
long Tis c) and all seven points for short T; fittings (d). Fig reproduced from Mozes 2018%° with
permission.

shMOLLI is electrocardiogram (ECG) gated and is performed in a single breath-hold to reduce
cardiorespiratory effects — acquisitions occur in a window between RR intervals (time
between continuous R-waves). This fact that shMOLLI is cardiac-gated is a result of the
sequence originally being meant for use in cardiac imaging. It has been repurposed for liver
imaging, so retains the ECG gating, but in general this is not strictly necessary to image the
liver. The original MOLLI sequence from which the shMOLLI was derived was shown to be
affected by heart rate?®. This heart rate dependence had an average error of 9%, which was

reduced to a constant 4% error in underestimation of T1 times using the shMOLLI sequence®®’.
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An SSFP pulse is formed by multiple RF pulses in quick succession over a constant TR that is
less than T, of the tissue being imaged. During the short TR interval, free induction decays
(FIDs) and echoes overlap creating a magnetisation that never totally disappears. When the
scanner gradients’” moment total zero over a whole TR, a balanced SSFP (bSSFP) sequence is
achieved. No dephasing over a TR interval results in the frequency dependence of a bSSFP
pulse as shown in Figure 5. Lastly, when the TE is exactly half of the TR, the bSSFP sequence

takes on a spin-echo style sequence (Figure 6).
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Figure 5: Frequency dependence of the bSSFP signal with TR = 2.3 ms and TE = 1.15 ms.
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Figure 6: One TR interval of balanced steady-state free precession sequence, with a symmetric
readout.

BSSFP sequences establish a coherent steady state whose maximum signal intensity depends
on the T,/T1 ratio of the imaged tissue. For example, fat and blood have high T»/T: ratios and
therefore appear bright on bSSFP sequences, whereas liver tissue has a lower ratio so will
appear darker in comparison. Greatest contrast would therefore be achieved at a 90° readout,

but for shorter scan times often flip angles of 45° or less are used; in this thesis 35° were used.

Sequences that employ a bSSFP readout are frequency-dependent and therefore are strongly

influenced by local magnetic field inhomogeneities.

Liver fat is a major confounder of liver T1 values, when measured using the shMOLLI sequence
and can lead to artificially elevated T1 values in patients with fatty liver. Fat has a shorter T1

than water and a resonant frequency of Hz. The chemical shift difference between water and
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the main fat peak is 3.4 ppm, which at 3T represents a frequency of 447 Hz. If the TR of the
shMOLLI scheme used is close to 1/447 or approx. 2.23 ms, and TE half of that, fat and water
will be completely out of phase. At a different TRs the phase overlap between the bSSFP pass
bands of fat and water is different and the signal is a complex sum of the water and fat signals

(Figure 7). This leads to a measured T that can be longer than the individual water and fat

components.
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Figure 7: Simulated off resonance dependence of the bSSFP signal. Water has T; 900 ms, T, 30ms,
main fat peak has T1 320 ms, T, 60 ms and chemical shift difference 3.4ppm. TE = TR/2. Fig adapted
with permission from Mozes 2018%,

In the original MOLLI scheme, all acquisitions were pooled by their effective Tl and fitted to a
monoexponential recovery curve. In a 5(1)1(1)1 shMOLLI scheme, bSSFP readouts are fitted
using a conditional fitting algorithm. If the T1 of the tissue is short (<0.4Tgrr) all 7 points are
used, if 0.4Tgr < T1 < Tgr the first 6 points are used, and if the T1 is longer, then only the first 5

points acquired are necessary. In practice since liver T1 are on the longer side, only fitting the

first 5 points is usually necessary.
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2.2.2 Ty* relaxation
T,* maps are acquired using a multi-echo spoiled gradient echo (GRE) sequence. These maps
are used to quantify iron concentration. Proton density fat fraction (PDFF) maps can be

extracted from multiple-echo GRE images using the DIXON’! or IDEAL?°! methods.

Multi-echo GRE acquisition was used with parameters: TR: 500 ms, TEs: 1.25, 2.46, 3.69, 4.92,
6.15, 7.38, 8.61, 9.84 ms, 6 mm slice thickness, GRAPPA acceleration factor 2, flip angle: 20°.

DIXON method used for fat fraction analysis. FOV: patient dependent, matrix size 104 x 128.

The echo times (TEs) were chosen to correspond to times at which the combined signal from
fat and water were in and out of phase so that proton density fat fraction maps could be
generated. Maps with fat and water “in-phase” and “out-of-phase” can be added and
subtracted to derive the fat map of the liver only. As described earlier in 2.2.1, the TEs are
chosen based on the chemical shift & of 3.4 ppm at 3 T, which corresponds to 447 Hz = 2.23

ms TR and that TE = TR/2. We then have initial TEout and TEi, of 1.15 ms and 2.3 ms.

2.2.3 Iron-corrected T (cT1)

T1is a measure of water content, of which the extracellular component rises with increasing
tissue fibrosis and inflammation. T; is extensively used in cardiac imaging as a surrogate
marker of fibrosis and inflammation. The liver however is a major store of iron, and liver iron
content (LIC) can reach especially high levels in liver disease. Iron is paramagnetic and iron
deposition causes rapid dephasing of the transverse magnetisation. This leads to a
significantly shorter tissue T, and T2*. It has been shown that the shMOLLI T1 mapping
sequence has a T, dependence?®?; therefore, the measurement of tissue T1 by shMOLLI is

affected by T2 and T,* values. High iron with short T>* results in an artificially lower measured
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T1. A model for correcting this confounding effect of iron on measured Ti1 values was
developed by Tunnicliffe et al.*® and is applied via the LiverMultiScan™ software
(Perspectum Diagnostics Ltd (PD), Oxford, UK) to obtain the T1 value that would be measured

if the liver iron concentration was that of a normal value.

This correction models the competing effects of increasing fibrosis (represented by increasing
extracellular fraction) with increasing iron (decreasing T,*). Look-up tables are generated that

allow the calculation of ‘iron-corrected’ T1 values given an input of T,* and measured Ts.

LiverMultiScan™ now also applies an algorithm to the T1 maps that allows standardisation
across field strength and vendor. Differences in the MRI sequences used on different
platforms produce systematic differences in fitted T1 values. These quantitative differences
were resolved by using phantom measurements to generate linear mapping functions to
standardise the values obtained on one system to those from another at the same magnetic
field strength (1.5T or 3T). All 3T systems were linearly mapped to the Siemens Prisma 3T, and
all 1.5T systems to the Siemens AvantoFit 1.5T. The field strength correction is an almost
linear correction based on mapping values between the two reference scanners at 1.5T and
3T. It is worth noting that as field strength increases, the precision of the T1 fitting changes.
This may therefore also affect the precision of the final corrected Ti1 and highlights the

complexities involved in scaling T1 values with field strength.

The combination of the iron correction and standardisation algorithm yields the corrected T
(cT1). Refinement of the iron correction algorithm and development of the standardisation

algorithm both took place after the initial publications by Banerjee?®? and Pavlides®’.
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2.2.4 Image analysis
T1 and T2* maps were analysed using LiverMultiScan™ for the purpose of generating and

analysing cT1 maps by the following steps:

1) Three regions of interest (ROIs) were manually placed on T>* colour maps to obtain a
representative iron concentration within the organ of interest (either liver or spleen).
2) This iron concentration was fed into an algorithm that transforms the measured T1
map into a cT1 map in such a way that corrects!® for any underestimation caused by

increased iron concentration.

3) EITHER

a. 3 ROIs were placed on the cT1 map over parts of the liver/spleen that were
considered representative of the organ. This meant avoiding blood vessels,
organ boundaries and potential cysts/ascites that were present. A single ROI
measurement calculated the mean of the cT; pixel values within it; the mean
of three ROIs was taken as the final cT; value. (Technique used in Chapter 3 as
this was current PD reporting method and analysis was performed according

to PD’s current protocol at the time)

OR

b. On the cT1 map, the organ of interest was segmented semi-automatically,
removing the blood vessels and other abnormalities (e.g. cysts/ascites). The
mean value of cT1 within the organ was calculated and taken as the final cT;
value. (Techniques used in Chapters 4, 5 and 6).

4) An output report for visualisation and MRI metrics was produced (Figure 8), and

numerical metrics could also be parsed straight into a Microsoft Excel spreadsheet.
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As part of fitting data to T1 and T2* maps, R? maps are also generated which are a measure of
the goodness of fit of the signal intensity to the relaxation curve. When placing ROls in the T
and T1* maps, mean R? values were also calculated. T,* map R? values had to be > 0.95, and

T1 map R? values had to be > 0.99 for all liver measurements to be considered valid.
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A)

Statistics Summary

Region 2

Fat: 0.9 % Normal range: <5.6% '

Iron: 1.0 mg/g dry weight liver Normal range: <1.8mg/g 2

cT1: 787 ms Reference interval: 632ms - 795ms 2

0 500 1000 1500 2000 2500 3000 3500 4000
cT1

T1 image quality: Satisfactory
T2* image quality: Satisfactory
~ Fatimage quality: Satisfactory
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B)

Advanced Analysis

Slice 2

cT1 values:

Mode: 782 ms

Median: 792 ms

Mean: 792 ms

Interquartile range: [761 - 825] ms
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Figure 8: Example of a LiverMultiScan™ report and associated metrics. A) Report output using region
of interest (ROI) analysis method. B) Report output using liver segmentation analysis method. Patient
aged 69 with histologically confirmed Ishak fibrosis stage 1 (mild fibrosis).

2.2.5 United Kingdom Biobank (UKBB) imaging protocol
The UKBB population health study collects data from 500,000 participants and has a magnetic

resonance imaging sub study aiming to collect data from a subset of 100,000 participants,
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making it the world’s largest imaging study. These participants are chosen by proximity to the
designated UKBB imaging centres (Cheadle, Stockport, UK). The imaging sub study includes
brain, heart and abdominal MRI'®. MRI data from the UKBB are used in Chapter 6 and
described here are the MRI parameters used for T1 and T>* mapping.

T1 mapping: shMOLLI 5(1)1(1)1 sequence with scan parameters: Trigger delay set to 50 ms,
first Tl: 170 ms, with five increments of 50 ms each, TR = 4.8, TE: 1.93 ms, slice thickness 8.0
mm, flip angle: 35° and FOV: 440 x 330 mm?.

T>* mapping: GRE scan with parameters: TR: 27 ms, TEs: 2.38, 4.76, 7.14, 9.52, 11.90, 14.28,
16.66, 19.04, 21.42 and 23.80 ms, 6 mm slice thickness, GRAPPA acceleration factor 2, flip
angle 20° and 6°, FOV: 400 x 400 mm?.

All scans are carried out at 1.5T, and all maps were taken from the same transverse slice

through the abdomen, obtaining good visual representations of both the liver and spleen.

2.3 Magnetic Resonance Spectroscopy

2.3.1 Theory

The Larmor frequency of protons is affected by their chemical environment. This induced
change in the Larmor frequency is called the chemical shift & (6 has units of ppm (parts per
million)) and occurs when the electronic properties of the chemical compound screen the
nuclei from the external By field, causing the nuclei to experience an altered field strength,
and thus a different resonance frequency. The consequence of the above is that hydrogen
nuclei in different chemical environments each have different resonant frequencies. Relative
guantification of the contributions from these various proton-containing compounds can be

achieved by measurement of the signal from each. The compounds of interest were those
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lipids that contribute to overall liver fat. At 3 Tesla magnetic field strength the resonant
frequencies of water and methylene (main lipid) are 4.7 and 1.3 ppm respectively. The proton
density fat fraction (PDFF) can be calculated by comparing the relative intensities of the fat

and water peaks of a spectroscopic acquisition.

2.3.2 Acquisition and protocol

Localiser images in the sagittal, coronal and transverse planes were performed to guide the
placement of the voxel used to acquire spectroscopy data. The voxel was placed avoiding
biliary structures and blood vessels (Figure 9). In patients who had repeated scans, a
screenshot of the location of the voxel was taken to enable the voxel to be placed at the same

location for all follow-up scans.

A17-08_005

Figure 9: Placement of voxels for proton spectroscopy (MRS) to quantify liver fat fraction.
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A STimulated Echo Acquisition Method (STEAM)?%* sequence was used with the following
parameters: voxel size 20 x 20 x 20 mm? (shim volume 40 x 40 x 40 mm?3), TE = 10 ms, mixing
time =7 ms, TR: 2 s for water-suppressed and TR: 4s for unsuppressed data with 1024 points
acquired at bandwidth 50 Hz. 3 scans of 5 repetitions with water suppression were performed
to obtain good SNR, and 1 scan of 3 repetitions with water suppression turned off was
performed to capture the amount of water in the voxel of interest. The sequence is a breath-

hold sequence, therefore entails 4 breath-holds in total.

2.3.4 Analysis
Spectroscopic acquisitions were combined and fitted using the OXSA toolbox?®
implementation of the AMARES algorithm?% with an in-house MATLAB (The Mathworks,

Natick, MA, USA) script??’. Examples of output reports are shown in Figure 10.
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Figure 10: Spectroscopy tool output detailing proton density fat fraction (PDFF). Cramer-Rao lower
bounds (CRLB) and representations of acquired spectra are shown in A) a patient with normal liver fat
fraction and B) a patient with elevated liver fat fraction.
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Liver fat was expressed as a ratio of the sum of the 6 lipid peaks in the spectrum to the sum

of the 6 lipid peaks plus the water peak as shown in Figure 10.

Presence of iron affects both liver T1 and liver T,. The T, of water is shorter than the T of lipid
peaks, giving rise to faster decaying of the water signal than the lipid signal. In addition to
this, the presence of iron will also shorten the measured water T, more so than the lipid T»,
since iron does not mix with fat?%®, These effects can lead to overestimation of the fat fraction
of the liver?®. Therefore, a correction for the presence of iron (determined by the T>* value)

calculated from the literature®2210.211 \ya5 used to obtain more accurate fat fraction values.

2.4 Scanning practicalities

All patients and healthy volunteers that were scanned at OCMR during the course of this
thesis underwent scanning at 3T using a Siemens Tim Trio (Erlangen, Germany). Patients from
collaborations where the scans took place at other institutions have their scanning conditions

described in the relevant chapters.

Different studies took place at different field strengths. There has been patient data to
validate combining liver T1/cT1 measures across field strength®®, but no data to validate

combining spleen T1/cT1 between field strength.

All patients were scanned having fasted for at least 4 hours to avoid the postprandial ‘meal
effect’” which increases the measured T1 due to increase in blood flow water to the gut. For
the same reason, patients were also asked to not drink water up until 1 hour before their
study assessment. In addition, depending on how long one is scanned after a meal, there can

be increased concentration of glycogen which will reduce the T; measurement?*2,
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Scanning was performed either by a trained radiographer or by the author whilst supervised

by a trained scanner operator.

2.5 Transient elastography (TE)

Liver stiffness was measured by TE (Fibroscan™, Paris, France). Transient elastography
provides a one-dimensional image of liver stiffness?!3, Shear waves are created by a hand-
held probe that is placed on the patients’ right-hand side of the abdomen. This shear wave’s
speed of propagation is then imaged or ‘tracked’ as it passes through the body via an
ultrasound beam. From the assessment of the shear wave speed, and the Young’s Modulus

(E) is calculated using the relationship (Hooke’s law) between velocity and density;

E = 3pV?2 (9)

where p is density of tissue and V is velocity of the shear wave. Transient elastography
assumes that the tissue is homogenous, isotropic and purely elastic. TE has been shown to

correlate with increasing fibrosis stage(ref) and with risk of clinical outcomes?1421>,

Since TE is a measurement of the viscoelastic properties of the liver, any variable that affects
those properties can subsequently affect the stiffness measurements. These confounding
variables include inflammation?®, cholestasis?!” and the effect of ingesting a meal?'8219,
amongst others. TE has also been shown to be dependent on operator experience and studies
have shown that between 100 and 500 examinations may be required to be considered

‘experienced’4%220,

All TE examinations were performed by a suitably trained operator. A minimum of 10 valid

readings were required and the median value was taken from these. Unreliable readings were
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defined as having an IQR/median > 0.3, as per the manufacturer’s guidelines. The success rate

was defined as the number of successful readings divided by the total number of attempts.

2.6 Blood sampling

Blood samples obtained at OCMR were drawn on the same day as the MRI visit unless
otherwise stated. Samples were tested for Aspartate aminotransferase (AST), alanine
aminotransferase (ALT), albumin, alkaline phosphatase (ALP), bilirubin, gamma-glutamyl
transferase (GGT), lipid profile (triglycerides, cholesterol, high density lipoprotein (HDL), low
density lipoprotein (LDL)), iron profile (ferritin, transferrin, transferrin saturation, serum iron)
prothrombin time (PT), platelet count, and analysed by the Oxford University Hospitals

Foundation Trust Haematology and Biochemistry laboratory.

2.7 Statistical analysis

All statistical analysis was performed and all plots generated by the author of this thesis using

221

R Statistical software?! and RStudio. Specific statistical analysis performed is detailed in each

chapter.
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Chapter 3. Prognostic ability of liver cT;

81



The work in this Chapter has been submitted as a paper to:

Jayaswal A, Levick C, Selvaraj E, Dennis A, Collier J, Cobbold J, Booth J, Tunnicliffe E, Kelly M,
Barnes E, Neubauer S, Banerjee R, Pavlides M. Liver cT1 predicts clinical outcomes in patients

with chronic liver disease: Further evidence from 754 years of follow-up.

And has been presented as abstracts at the following:

Jayaswal A, Pavlides M, Banerjee R, Kelly M, Barnes, Neubauer S, (2019). Liver cT; predicts
clinical outcomes in patients with chronic liver disease. Journal of Hepatology, 156, S1325 -

S1325.

Jayaswal A, Pavlides M, Banerjee R, Kelly M, Barnes, Neubauer S, (2018). Liver cT1 can predict
clinical outcomes in patients with chronic liver disease, equivalent to biopsy. Hepatology

68(S1), 607A—608A.
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3.1 Abstract:
Background & Aims: Liver cT1 has been previously reported as a predictor of clinical outcomes
over 27 months. The aim of this study was to examine liver cT1's prognostic value over

extended follow-up of a larger cohort.

Methods: Patients with unselected liver disease aetiologies had baseline MR assessments and
were followed up for development of clinical outcomes by review of their medical records,
blinded to the imaging results. The pre-specified clinical endpoints were all-cause mortality,
liver-related mortality, and liver events (ascites, variceal bleeding, hepatic encephalopathy,
hepatocellular carcinoma, liver transplantation and liver mortality). Liver cT1’s prognostic

value was assessed for mortality and liver event-free survival.

Results: Two hundred and eighteen patients (61% male) with median age of 54 years were
followed up for 754 patient-years (median (IQR) 42 (23-57) months). The main diagnoses
were NAFLD (41%), viral hepatitis (VH; 25%) and alcohol related liver disease (ArLD; 14%).

During follow-up 23 new liver events, 13 liver-related deaths and 7 non-liver deaths occurred.

In 201 patients with valid MR scans, liver cT1 > 825 ms predicted all-cause mortality (p =
0.003), liver-related mortality (p = 0.008) and liver event-free survival (p = 0.005). For liver
event-free survival, cT1 > 825ms had a hazard ratio of 4.9 (95% Cl: 1.4-16.5) and correctly
classified 19/22 (86%) liver events. In NAFLD/ArLD/VH patients (n = 164), cT1 > 825ms

correctly classified 18/18 liver events (p = 0.0009).

Conclusions: We provide further evidence that liver cT1 can predict clinical outcomes in a
larger patient cohort over longer follow-up and performs well in patients with NAFLD, ArLD

and VH.
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3.2 Introduction

Chronic liver diseases (CLDs) affect an estimated 1.5 billion people worldwide!, with the
predominant causes being non-alcoholic fatty liver disease (NAFLD)3, chronic viral hepatitis
(VH) B and C* and alcohol related liver disease (ArLD)°. Liver fibrosis is the final common
pathway of injury in CLDs and over time accumulation of scarring can lead to liver cirrhosis.
CLDs are reported to induce cirrhosis in approximately 633,000 patients per year in the United
States®. Once fibrosis progresses to cirrhosis, each year approximately 5-7% will become
decompensated’ (develop variceal bleeding, ascites, hepatic encephalopathy). Cirrhosis is the
11™ most common cause of mortality worldwide® and liver cancer is reported as the 4" most

common cause of cancer-related mortality®.

In the face of this public health epidemic there is an unmet clinical need to stratify disease
severity in patients with CLD and to flag patients at risk of decompensation and development

of hepatocellular carcinoma (HCC) as early as possible.

Liver biopsy is used routinely in clinical practice to assess fibrosis stage and inform
prognosis???, but is unsuitable for routine longitudinal follow-up of patients due to its invasive

nature, associated risk and cost.

The magnetic resonance imaging (MRI) parameter T1, when corrected for iron content (cT1)8¢

can quantify extracellular water content, which rises with fibrosis and inflammation. Liver cT1

203

correlates with liver fibrosis??® and severity of steatohepatitis'®?, has excellent repeatability

188

and reproducibility'®®, and is used in the UK Biobank population health study as the reference

for liver fibroinflammatory disease!®. Liver cT1, when stratified into groups according to a
liver inflammation and fibrosis (LIF) score, was found to predict clinical outcomes in a general

187

hepatology outpatient setting'®’. Liver T1 has also been shown to be associated with
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development of clinical outcomes in other cohorts'®+223, The LIF score is no longer utilised by
Perspectum since the FDA has preferred the use of liver cT1 and refinement of the algorithm
used to generate liver cT1 now enables it to be standardised across field strengths and
vendors. Pavlides et al.’s study'®’ had a relatively short follow-up time and small cohort. For
these reasons, longer term follow-up of larger patient cohorts was needed to corroborate
these findings and validate cT1 as a surrogate endpoint for clinical outcomes, to allow

confident stratification of patients by prognosis.

3.3 Aims

The primary aim of this study was to assess the prognostic value of liver cT1 in a larger cohort
of patients with CLD, over longer follow-up. Secondary aims were to assess the relative
prognostic value of other liver-related biomarkers, including liver fat measured by MR proton
spectroscopy (*H-MRS), liver iron measured by T,*, transient elastography (TE) and

histological fibrosis.

3.4 Methods

3.4.1 Patient selection

This study follows up patients from two cohort studies assessing the role of MRI in liver
disease assessment (details in Table 1). Patients referred for a clinically indicated liver biopsy,
or with a known diagnosis of liver cirrhosis were eligible to take part. Patients were recruited
from hepatology services at Oxford and Reading between May 2011 and July 2017. Patients

with contraindications to MRI scanning were excluded. The studies were approved by the
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United Kingdom National Research Ethics Service (UK NRES references 13/SC/0243 and

11/H0504/2) and were conducted according to the declaration of Helsinki. All patients gave

written and informed consent. Prognostic results from some of the patients from these

cohort studies have been reported previously*®’.

At baseline, patients underwent multiparametric MRI scans and TE following a minimum of 4

hours fasting.

Table 1: Description of patient cohort

Study 1 Rapid Imaging
Assessment of the Liver

(RIAL) (Ref: 11/H0504/2)

Study 2: Non-lnvasive and COmprehensive Liver Imaging

Assessment (NICOLA) (Ref: 13/5C/0243)

Patients with suspected liver
disease of any aetiology
attending liver clinic and
scheduled for a clinically
indicated liver biopsy having
paired MR assessment (n =
129), 9 of whom did not

undergo biopsy

Patients undergoing weight loss surgery who consented to liver
biopsy during the weight loss procedure (n =19; 1 did not undergo
biopsy).

Patients with suspected NAFLD/NASH scheduled to undergo
clinically indicated biopsy (n = 16; 1 did not undergo biopsy).
Patients with a diagnosis of cirrhosis. Diagnosis of cirrhosis based
on histology or clinical or radiological findings (n = 27; 14 not
biopsied).

Patients scheduled for either clinically indicated transjugular
biopsy and hepatic venous pressure gradient measurements, or
clinically indicated percutaneous biopsy for suspected cirrhosis,
who agreed to undergo transjugular biopsy instead to obtain

HVPG measurements (n = 27; 2 did not undergo biopsy).
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3.4.2 MRI protocol and analysis

Transverse abdominal shMOLLI images were acquired with parameters: 5(1)1(1)1 scheme, TI:
110 ms, 110 ms + RR, 110 ms + 2RR, 110 ms + 3RR, 110 ms + 4RR, 190 ms and 270 ms, TR/TE:
234.97/1.05 ms, TR of individual bSSFP readouts 2.5 ms, slice thickness 8.0 mm, GRAPPA

acceleration factor 2, flip angle: 35°. FOV: patient dependent, matrix size: 144 x 192.

T,* maps were acquired with a multi-echo GRE acquisition was used with parameters: TR: 500
ms, TEs: 1.25, 2.46, 3.69, 4.92, 6.15, 7.38, 8.61, 9.84 ms, 6 mm slice thickness, GRAPPA
acceleration factor 2, flip angle: 20°. DIXON method used for fat fraction analysis. FOV: patient

dependent, matrix size 104 x 128.

Magnetic resonance spectroscopy (MRS) was performed using a STimulated Echo Acquisition
Method (STEAM)?%* sequence with the following parameters: voxel size 20 x 20 x 20 mm?
(shim volume 40 x 40 x 40 mm3), TE = 10 ms, mixing time = 7 ms, TR: 2 s for water-suppressed
and TR: 4s for unsuppressed data with 1024 points acquired at bandwidth 50 Hz. 3 scans of 5
repetitions with water suppression were performed and 1 scan of 3 repetitions with water

suppression turned off was performed.

All MRI analysis was carried out as described in Chapter 2.

187 ¢T1 was tri-linearly mapped to a discrete scoring system graded

In previous publications
from 0-4 named the LIF score in an attempt to align with histological assessment gradations.

The LIF score is no longer supported by LiverMultiScan™, and here we report cT; values.

3.4.3 Histological assessment
All liver biopsies were performed as part of the patients’ clinical care using 18G needles for

percutaneous biopsies and 19G needles for transjugular biopsies. All biopsies were included
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in the analysis as they were used to inform clinical care irrespective of the core length or
number of portal tracts. All biopsies were assessed by a specialist liver histopathologist

blinded to the imaging data, for the Ishak stage.

3.4.4 Transient elastography

TE measurements of liver stiffness were performed using Fibroscan® (Echosens, Paris) by
trained operators. Both the M and XL probes were used. For a successful measurement, 10
valid readings were required and as per recommended guidelines, unreliable readings were

defined as having an IQR/median > 0.3.

3.4.5 Clinical follow-up

Outcome data were extracted from the patients’ electronic medical records. The clinical
endpoints were all-cause mortality, liver-related mortality, and liver events (a composite
endpoint comprising new ascites, variceal bleeding, HCC, hepatic encephalopathy, liver
transplantation and liver-related mortality). Patient records were reviewed by two
researchers blinded to the patients’ MRl and liver-related biomarker results until the patients’
latest medical evaluation or until they died, with any disagreements adjudicated by a senior
clinician. Patients were considered as “lost to follow-up” if they did not return for any clinical
follow-up after their baseline assessments. Where multiple liver events occurred, only the
first event was counted in analysis. In patients with decompensation at baseline, new liver

events had to be distinct from any previous events prior to baseline scan.

3.4.6 Statistical analysis
Baseline statistics are described as mean * standard deviation (SD) for normally distributed
variables and median (interquartile range (IQR)) for non-normally distributed variables. The

primary outcome was liver event-free survival. Liver-related and all-cause mortality were
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secondary outcomes. Survival analysis was carried out on all the available data for each
outcome with each biomarker. Kaplan-Meier curves were compared using the log-rank test
to evaluate significance of survival differences of binary and grouped cut-offs. All p values
qguoted for binary cut-offs were calculated using the log-rank test. Cox proportional hazards
analysis was used to calculate hazard ratios (HRs) for grouped and continuous variables.
Where impossible to obtain a hazard ratio in cut-off analysis (due to zero events occurring in
a group), sensitivity, specificity, positive predictive value (PPV) and negative predictive values
(NPV) were reported. Receiver Operator Curve (ROC) analysis was performed for all

continuous variables.

The primary variable of interest was liver cT1. Cut-off values were pre-defined with the cT:
cut-off (825 ms) corresponding to the previously reported LIF score of 287, Liver cT1 was also
grouped by minimum-median, median-3" quartile, and 3™ quartile-maximum of cohort cT1
values. The median, 95t percentile and additional cut-offs (770 and 800 ms) derived from
internal Perspectum Diagnostics (PD) data were assessed (770 ms — cT1 in the range 770-825
identified as borderline fibroinflammation and 800 ms — indicative of ‘higher risk’ in patients
with suspected NAFLD). To determine the importance of the iron correction, we also assessed
uncorrected liver T1 at 825 ms and the best cut-off (Youden index) for prediction of events as

there were no previously reported cut-offs at 3T.

Secondary variables were liver iron as measured by T>*, liver fat as measured by *H-MRS, liver
stiffness as measured by TE and Ishak fibrosis stage. The cut off for T,* from our previous
study?%® was used to define two severity categories for iron (high: T2* £ 12.5 ms, low: T>* >
12.5 ms) which represents the best threshold for identifying those with any grade of

histological iron deposition and corresponds to a dry weight of iron of 1.7 mg/g??*. The cut-
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off for fat assessed was 5.6%2%°. A cut-off of 8 kPa for TE was used, which is reported to
correspond to presence of marked fibrosis??6. TE was also split into 4 groups (< 8kPa, 8-20
kPa, 20-39 kPa and = 40kPa) for a more precise stratification of risk, similarly to previous
studies3'?1>, Fibrosis severity was defined as mild (Ishak FO-2), moderate (Ishak F3-4) and

severe (Ishak F5-6).

Given the spatial heterogeneity of disease often seen in autoimmune hepatitis (AIH) and
biliary liver disease, subgroup analysis was conducted for liver event-free survival in patients
with only the 3 main liver disease aetiologies (NAFLD, ArLD and VH) where disease distribution
is more homogenous. Subgroup analysis was also conducted in patients with only
compensated disease at baseline. Effect of treatment for underlying liver disease, presence
of type 2 diabetes, body mass index (BMI) > 30 kg/m? and age were also analysed for

prediction of outcomes.

Separate analysis was conducted only including data from patients that had both MRI and TE
attempted. Unreliable results were included, and failed attempts were assigned either as
false positive or false negative depending on the patient’s outcome, generating 3 x 2 tables??’.

This analysis aimed to address the influence of technical rate of failure/unreliability.

Statistical significance was set at p < 0.05. Analysis was performed, and plots generated using

R Statistical software?2!.
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3.5 Results

3.5.1 Cohort characteristics
235 patients were included, of which 17 were lost to follow up (Figure 11). In total, 218
patients were followed up for a total of 754 patient-years with a median (IQR) follow-up

period of 42 (23-57) months.

235 patients

included
»| N=17 lostto
& follow up
218 patients
followed up
218 attempts at MR
n = 17 failures 180 attempts at TE
(3 claustrophobic, —— »-|22/180 failures
1 did not fit, 22/158 unreliable
13 poor qualit
P d ) \ | \ \
201 . 136
191 liver
successful biopsies successful
MR scans P TE values

Figure 11: Flow diagram of study protocol. Poor quality data comprised images that were degraded
significantly due to excess deposition of liver iron or images that did not pass quality control checks
due to mistriggering of the shMOLLI sequence or the presence of image artefacts.

Baseline characteristics for the whole cohort and for those who had/did not have clinical
events are shown in Table 2. The three most common aetiologies of chronic liver disease were
NAFLD (n =89, 41%), ArLD (n =30, 14%) and VH (n = 55, 25%). Overall, 191 (88%) patients had
liver biopsy, in whom fibrosis was mild, moderate and severe in 96 (50%), 30 (16%) and 65

(34%) respectively. Fifty-nine patients had their underlying liver disease treated during the
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follow up period — these included patients with chronic hepatitis C achieving a sustained
virological response (SVR) (n = 29), patients with chronic hepatitis B achieving viral
suppression (n = 8), patients regularly consuming harmful amounts of alcohol achieving
complete abstinence (n = 3), and patients undergoing bariatric surgery who lost >10% body

weight (n = 19).

There were 23 new liver events. Liver-related mortality occurred in 13 patients and 7 patients
died from non liver-related causes (all-cause mortality n = 20, Table 3). Of 21 patients with
decompensation at baseline, 12 went on to develop a further liver-related event, including

death. Concordance of liver-related event reporting between adjudicators was 93%.

When stratified into those who did and did not have clinical events, patients who had events
were older and had higher prevalence of baseline decompensation, higher prevalence of
ArLD, more severe histological fibrosis, significant differences in blood tests, and higher serum

biomarkers, liver stiffness and liver cT1 (Table 2).
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Table 2: Baseline patient characteristics

All (n=218) Event-free (n=190) With events (n=28) p value
Age; years (median; IQR) 54 (45-60) 52 (44-59) 60 (56-68) <0.001
Male; n (%) 137 (63) 116 (61) 21 (75) 0.155
BMI; kg/m? (median; IQR) 28.1(24.8-33.3) 27.9 (24.7-32.9) 28.3 (24.8-32.2) 0.897
T2DM; n (%) 46 (21) 38 (20) 8 (29) 0.245
Excess alcohol use; n (%) 39 (18) 28 (15) 11 (39) 0.0009
Decompensation at
baseline; n (%) 21 (10) 9 (5) 12 (43) <0.0001
Treatment during follow-up
period; n (%) 59 (27) 55 (29) 4 (14) 0.104
Primary disease aetiology; n (%)
Viral hepatitis (VH) 55 (25) 51 (27) 4 (14) 0.155
NAFLD 89 (41) 81 (43) 8 (29) 0.159
ArLD 30 (14) 21 (11) 9 (32) 0.011
PSC/PBC/AIH 18 (8) 15 (8) 3(11) 0.616
Other* 26 (12) 22 (11) 4 (14) 0.090
Histological fibrosis; Ishak stage; n (%)
Mild; FO-2 96 (44) 93 (49) 3(11) <0.0001
Moderate; F3-4 30 (14) 29 (15) 1(4)
Severe; F5-6 65 (30) 45 (24) 20 (71)
No biopsy 27 (12) 23 (12) 4 (14)

Blood results; (median; IQR)

93



ALT (1U/L) 45 (29-87) 47 (30-91) 38 (25-67) 0.247
AST (IU/L) 41 (29-70) 38 (28-65) 58 (43-101) <0.001
Albumin (g/L) 44 (40-46) 44 (41-46) 38 (32-42) <0.0001
ALP (1U/L) 177 (130-250) 170 (125-232) 308 (181-389) <0.001
Bilirubin (umol/L) 11 (8-17) 10 (7-15) 18 (13-35) <0.0001
GGT (IU/L) 78 (36-171) 67 (33-126) 287 (158-407) <0.0001
Platelets (x 10 L) 190 (144-260) 198 (155-267) 124 (88-157) <0.0001
Serum biomarkers; (median; IQR)

FIB-4 1.68 (0.96-3.15) 1.52 (0.90-2.60) 4.98 (4.16-10.33) <0.0001
AST/ALT 0.89 (0.61-1.27) 0.87 (0.60-1.16) 1.67 (1.21-2.00) <0.0001
APRI 0.57 (0.32-1.00) 0.50 (0.30-0.89) 1.06 (0.76-2.15) <0.0001
ELF 9.6 (8.7-10.8) 9.3 (8.6-10.5) 11.9 (10.9-12.8) <0.0001
TE (kPa) (median, IQR) 9.0 (6.0-18.7) 8.1(5.7-14.3) 32.0 (13.4-42.2) <0.0001
Liver cT1 (ms) (median, IQR) 840 (788-930) 831 (785-924) 923 (845-1114) <0.0001
Liver fat (%) (median, IQR)  4.45 (1.38-10.64) 4.90(1.40-10.80) 4.19 (1.22-8.65) 0.583
T>* (ms) median (IQR) 19.3 (14.0-22.3) 19.2 (13.9-22.4) 20.6 (14.6-21.2) 0.748

P values quoted for the differences between patients with events and no events using the Wilcoxon

non-parametric test. *Other included cryptogenic cirrhosis, no specific features, sarcoid, cholestasis

and haemochromatosis. Abbreviations: SD; standard deviation, IQR; interquartile range, BMI; body

mass index, T2DM; type 2 diabetes, NAFLD; non-alcoholic fatty liver disease, ArLD; alcohol-related

liver disease, PSC; primary sclerosing cholangitis, PBC; primary biliary cholangitis, AIH; autoimmune

hepatitis; ALT; alanine aminotransferase, AST; aspartate aminotransferase, ALP; alkaline phosphatase,

GGT; gamma-glutamyltransferase, FIB-4; fibrosis-4 score APRI; AST- platelet ratio index, cT;; iron-

corrected T;.
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Table 3: Table of clinical events

liver Diagnosis Index event | Patient Decomp- | ISHAK | Fibro-
cT1 (months) mortality ensated scan
(ms) (months) (kPa)
840 | NAFLD HE (15) Yes (23) No 6 44
978 ArLD LRD (2) Yes (2) Yes 5 nm
1148 | ArLD ascites (7) Yes (9) Yes nm 75
806 ArLD None Yes —NLRD (62) | Yes 3 nm
1125 | NAFLD Ascites (21) Yes (64) No 6 39.1
896 Viral hep HCC (10) Yes (18) No 6 35.3
766 | PSC HE (47) Yes (64) No 2 29.9
994 NAFLD None Yes —NLRD (43) | No 6 12.8
1081 | NAFLD LRD (6) Yes (6) Yes 5 nm
945 ArLD Ascites (14) No No 6 5.2
871 NAFLD Ascites (22) Yes (34) No 6 15.1
900 Viral hep HCC/ascites (17) | Yes—NLRD (39) | No 6 27.7
840 Viral hep ascites (77) No No 5 nm
806 PSC LT (6) No Yes 5 20.6
861 ArLD HCC (7) No No nm 69.1
1015 | AlH LT (6) No Yes 6 75
1284 | ArLD Ascites (3) Yes (3) Yes 6 34.0
1186 | ArLD Variceal bleed | Yes (20) No 6 na
(19)
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1261 | ArLD SBP (41) Yes (41) Yes nm 65.2
1163 | Viral hep Ascites (6) No No 6 na
827 NAFLD Ascites (5) Yes — NLRD (12) | Yes 2 9.0
869 NAFLD HCC (1) Yes (45) Yes 5 36.9
1068 | Cryptogenic None Yes —NLRD (32) | No 6 34.3
1139 | ArLD HE (4) Yes (59) Yes 6 53.2
765 Cryptogenic variceal bleed | No Yes 5 11.7
(5)

na HH None Yes — NLRD (56) | No 1 na
na HH HCC (85) No No nm 6.1
900 NAFLD None Yes —NLRD (65) | No 6 nm

Liver cT; value classed as na if failed, Ishak score classed as nm if not clinically indicated, transient
elastography (TE) classed as nm if not measured or na if failure/unreliable reading. Abbreviations:
HE — hepatic encephalopathy, NLRD — non liver-related death, LT — liver transplant, ArLD, alcohol-
related liver disease, NAFLD, non-alcoholic fatty liver disease, HCC — hepatocellular carcinoma, SBP,
spontaneous bacterial peritonitis, PSC — primary sclerosing cholangitis, PBC, primary biliary

cholangitis, AlH, autoimmune hepatitis, HH — haemochromatosis.
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3.5.2 Survival analysis by biomarker

Table 4: Survival analysis results using binary cut-offs

Test HR 95% ClI P value | Sens Spec PPV (%) | NPV (%)

(%) (%)

cT1>825ms 4.869 | 1.441-16.46 | 0.0048 | 86.4 46.9 16.7 96.6

cT1>1127 11.24 | 4.348-29.06 | <0.0001 | 27.3 98.3 66.7 91.7

T1>825ms 1.799 | 0.733-4.413 0.19 68.2 48.3 13.9 92.6

T1>1082 ms 9.429 | 3.903-22.78 | <0.0001 | 36.4 96.1 53.3 92.5

Liver fat >5.6% | 0.695 | 0.291-1.657 041 36.4 53.7 8.9 87.2

T>*<125ms | 0.981 | 0.332-2.900 0.97 18.2 80.6 10.3 89.0

TE > 8 kPa 6.116 | 1.387-26.97 | 0.0064 | 87.5 47.5 18.2 96.6

Ishak > F5 17.65 | 4.075-76.46 | <0.0001 | 89.5 72.4 27.4 98.3

Subset of patients with NAFLD, ArLD and VH

cT1>825ms - - 0.0007 | 100.0 43.2 17.8 100.0

cT1> 1127 12.38 | 4.558-33.62 | <0.0001 | 33.3 97.9 66.7 92.3

T1>825ms 2.477 | 0.815-7.528 | 0.098 77.8 44.5 14.7 94.2

T1>1082 ms 10.80 | 4.157-28.04 | <0.0001 | 44.4 95.2 53.3 93.3

Liver fat >5.6% | 0.7851 | 0.3114-1.98 | 0.50 44.4 47.2 9.5 87.2

T2*<12.5ms 1.062 | 0.349-3.227 | 0.920 22.2 78.1 11.1 89.1

TE > 8 kPa 8.417 | 1.077-65.8 | 0.015 90.9 48.5 16.7 97.9

Ishak > F5 29.56 | 3.881-225.2 | <0.0001 | 93.3 73.7 28.0 99.0

Abbreviations: HR: hazard ratio, sens: sensitivity, spec: specificity, PPV: positive predictive value, NPV:
negative predictive value, NAFLD: non-alcoholic fatty liver disease, ArLD: alcohol-related liver disease,

VH: viral hepatitis
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Liver cT;
MR scanning was successful in 201 of 218 (92%) patients, but failed in 17 (3 had

claustrophobia, 1 did not fit in the scanner and 13 scans could not generate reliable cT1).

On univariate Cox regression, liver cT1 had HR 1.005 (p < 0.0001) for liver event-free survival
(0.5% increase in risk for every 1 ms increase in cT1; equivalent to HR 1.65; 65% increased risk
per 100 ms) and predicted liver event-free survival with an area under the curve (AUC) of 0.73

(95% Cl: 0.61-0.84).

Liver cT1 > 825 ms could predict liver event-free survival (p = 0.005, Table 4), all-cause
mortality (p = 0.003) and liver-related mortality (p = 0.008) (Figure 12A-C). Liver cT1> 825 ms
correctly predicted 19/22 (86%) liver events, 17/19 (89%) deaths and 12/13 (92%) liver-
related deaths. Liver cT1 > 825 ms had a sensitivity of 86%, specificity of 47%, PPV 17%, and

NPV 97% for liver event-free survival.

Liver cT1 when stratified into 3 groups by quartile-derived cut-offs, showed significant
increases in risk of liver events with increasing cT1 (p = 0.003) (Figure 12D, Table 5). Using the
95t percentile (1127 ms) cT1 could predict liver event-free survival (p < 0.001) with sensitivity

27%, specificity 98%, PPV 67% and NPV 92%.

In patients with compensated liver disease only, liver cT1 > 825 ms could predict liver event-
free survival (p = 0.02, HR 7.9, 95% Cl: 1-61, n = 11 events) and all-cause mortality (p = 0.02,

n = 10 deaths), but not liver related mortality (p = 0.1, n = 6 deaths).
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Figure 12: Kaplan-Meier plots for clinical outcomes stratified by liver cT;. Plots show A) survival from

all-cause mortality, B) survival from liver-related mortality, C) liver event-free survival stratified by

liver cT1 > 825 ms and D) liver event-free survival stratified by cT; quartiles (< 840 ms, 840-930 ms, >

930 ms) in n=201 patients with chronic liver disease. P values for differences between survival curves

were generated by the log-rank test.

Table 5: Liver event-free survival assessed by grouped liver cT; cut-offs.

Hazard ratio (HR) 95% ClI P value
cT1 < 840 ms (n=94) Reference - -
840 — 930 ms (n=50) 3.12 0.91-10.67 0.070
cT1>930 ms (n=48) 6.08 1.93-19.13 0.002

Grouped cut-offs derived from: median (840 ms), 3rd quartile (930 ms)
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NAFLD/ArLD/VH subgroup
In the NAFLD/ArLD/VH subgroup (n = 164) liver cT1 had HR 1.007 (equivalent to HR 2.01; 101%

increase per 100 ms, p <0.0001) and AUC 0.77 (95% Cl: 0.67-0.88) for liver event-free survival.

Liver cT1 > 825 ms predicted liver event-free survival in the subset of NAFLD, ArLD and VH

patients (p = 0.0007), correctly predicting all events (Figure 13A, Table 4).

In patients with compensated liver disease only, liver cT1 > 825 ms could predict liver event-

free survival (p = 0.01, n = 10 events), correctly predicting all events.

When stratified into 3 groups by quartile-derived cut-offs, liver cT1 showed significant

increases in risk of liver events with increasing thresholds (p = 0.0018) (Figure 13B, Table 6).
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Figure 13: Kaplan-Meier plots to show liver event-free survival stratified by liver cT1 in patients with
NAFLD, ArLD and viral hepatitis (VH). Patients (n=164) were stratified by A) liver cT; > 825 ms and B)
by cT; groups of < 840 ms, 840-930 ms and > 930 ms. P values for differences between survival curves

were generated by the log-rank test.
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Table 6: Liver event-free survival assessed by grouped liver cT; cut-offs in patients with NAFLD, ArLD
and VH

Hazard ratio (HR) 95% Cl P value
cT1 < 840 ms (n=73) Reference - -
840 — 930 ms (n=44) 11 1.3-88 0.026
cT1>930 ms (n=47) 17 2.2-133 0.007

Grouped cut-offs derived from: median (840 ms), 3rd quartile (930 ms). Abbreviations: NAFLD — non-

alcoholic fatty liver disease, ArLD - alcohol-related liver disease, VH - viral hepatitis

Liver Ty

Uncorrected liver T1 had HR 1.004 (p = 0.001, 95% Cl: 1.002-1.007) and AUC 0.66 (95% ClI:
0.51-0.80) for liver event-free survival. Uncorrected liver T1 > 825 ms was not predictive of
liver event-free survival (p = 0.19, Table 4), liver-related mortality (p = 0.07) or all-cause
mortality (p = 0.05) and classified 15/22 (77%) liver events correctly. There were 4 patients
that developed liver events correctly identified by liver cT1 > 825 ms who were not identified
by uncorrected T1 > 825 ms. The best Ti cut-off for event-free survival was 1082 ms (p <

0.0001, Table 4) and predicted 8/22 (36%) of liver events.

T1> 825 ms was unable to predict liver event-free survival in the subgroup of NAFLD/ArLD/VH

(p =0.1, Table 4).

Liver fat and liver iron
Neither liver iron nor liver fat were predictive of clinical outcomes in either the whole cohort
or the subset of NAFLD, ArLD and VH (See Table 4 for binary cut-off, data not shown for iron

or fat as continuous variables).
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Histology

Biopsies were performed in 191/218 (88%) patients. In those with biopsy there were 19 liver
events, 11 liver-related deaths and 7 non-liver related deaths. As a semi-continuous variable
Ishak stage could predict liver event-free survival with HR of 1.9 between stages (95% Cl: 1.38-

2.72, p =0.0001) and an AUC 0.81 (95% Cl: 0.73-0.89).

Ishak stage > F5 predicted liver event-free survival (p < 0.0001, Figure 14A, Table 4), all-cause
mortality (p < 0.0001), and liver-related mortality (p < 0.0001). Patients with F3-4 on biopsy

showed no greater risk of liver-related events than with FO-2.

When grouped by mild, moderate and severe fibrosis, Ishak fibrosis stage showed significant

increases in risk of liver events with increasing thresholds (p = 0.002, Figure 14B, Table 7).
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Figure 14: Kaplan-Meier curves for liver event-free survival stratified by histological fibrosis stage.

Patients were stratified by A) Ishak stage > F5 and B) mild, moderate and severe fibrosis.
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Table 7: Liver event-free survival by Ishak fibrosis stage.

Hazard ratio (HR) 95% Cl P value

Mild vs Moderate vs Severe | 4.64 (per increasing group) * | 2.003-10.75 | <0.0001

Patients were stratified by: mild (FO-2), moderate (F3-4), and severe (F5-6) fibrosis stage. *one group

(F3-4) had zero events in it, so only global HR and p value could be calculated as direct comparisons

cannot generate HRs.

NAFLD/ArLD/VH subgroup

In the NAFLD/ArLD/VH subgroup, Ishak stage could predict liver event-free survival with a HR
of 2.2 (p =0.0005, 95% Cl: 1.41-3.41) and an AUC 0.84 (95% Cl: 0.76-0.92). Ishak fibrosis stage
> F5 was predictive of liver event-free survival (p < 0.0001, Figure 15A, Table 4), correctly
predicting 14/15 (93%) events. When grouped by mild, moderate and severe fibrosis, Ishak
fibrosis stage showed significant increases in risk of liver events with increasing thresholds (p

=0.002, Figure 15B, Table 8).
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Figure 15: Kaplan-Meier curves for liver event-free survival stratified by histological fibrosis stage in

patients with NAFLD/ArLD/VH. Patients were stratified by A) Ishak stage > F5 and B) mild, moderate

and severe fibrosis.
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Table 8: Liver event-free survival by Ishak fibrosis stage in patients with NAFLD/ArLD/VH.

Hazard ratio (HR) 95% Cl P value

Mild vs Moderate vs | 6.48 (per increasing | 1.978—21.23 0.002

Severe group)*

Patients were stratified by: mild (FO-2), moderate (F3-4), and severe (F5-6) fibrosis stage. *one group
(F3-4) had zero events in it, so only global HR and p value could be calculated as direct comparisons

cannot generate HRs.

Transient elastography

TE was attempted in 180/218 patients with technical failure observed in 22 (12%). From the
remaining 158 measurements, unreliable values were observed in 22 (13%) with 136 (76%)
reliable TE measurements remaining. As a continuous variable TE could predict liver event-

free survival with a HR of 1.049 (95% Cl: 1.029-1.069) and AUC 0.80 (95% ClI: 0.67-0.93).

TE > 8 kPa could predict liver event-free survival (p = 0.006, correctly predicting 14/16 (88%)
liver events, Figure 16A, Table 4), all-cause mortality (p = 0.001) and liver-related mortality (p

= 0.008).

When stratified into groups, TE showed significant increases in risk of liver events with

increasing TE thresholds (p = 0.0002, Figure 16B, Table 9).
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Figure 16: Kaplan-Meier curves for liver event-free survival stratified by TE score. Patients stratified

by A) TE 8kPa and B) TE < 8kPa, 8-19 kPa, 20-39 kPa, > 40 kPa.

Table 9: Liver event-free survival assessed by grouped TE cut-offs

Hazard ratio (HR) 95% ClI P value
TE < 8 kPa (n=55) Reference - -
8 — 20 kPa (n=46) 2.1 0.35-126 0.415
20 -39 kPa (n=22) 9.4 1.89 - 46.5 0.006
TE > 40 kPa (n=9) 26.7 5.04-141.2 <0.001

NAFLD/ArLD/VH subgroup

In the NAFLD/ArLD/VH combined subgroup, TE was attempted in 142/174, failed in 17/142

(12%) and was unreliable in 17/125 (14%) (total failed and/or unreliable in 33/142 (24%)). In

the 108 patients that it performed accurately, TE could predict liver event-free survival with

a HR of 1.056 (95% Cl: 1.031-1.083) and AUC 0.83 (95% Cl: 0.67-0.99). TE > 8 kPa was able to

predict liver event-free survival (p = 0.015,

Figure 17A, Table 4), correctly predicting 10/11 (91%) events. When stratified into groups, TE

showed significant increase in risk of liver events with increasing TE thresholds (p < 0.001,
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Figure 17B, Table 10).
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Figure 17: Kaplan-Meier curves for liver event-free survival stratified by TE score in patients with

NAFLD/ArLD/VH. Patients stratified by a) TE 8kPa and b) TE < 8kPa, 8-19 kPa, 20-39 kPa, > 40 kPa.

Table 10: Liver event-free survival assessed by grouped TE cut-offs in patients with NAFLD/ArLD/VH.

Hazard ratio (HR) 95% ClI P value
TE < 8 kPa (n=48) Reference - -
8 — 20 kPa (n=36) 2.7 0.24-29.0 0.426
20 -39 kPa (n=17) 12.9 1.42-114 0.022
TE > 40 kPa (n=7) 33.6 3.74-302 0.002

Analysis including failed and unreliable results for TE and MR (3 x 2 table analysis)

In 180 patients with both TE and MRI attempted (Figure 18), there were 21 liver events, 12

liver-related deaths and 6 non liver-related deaths. Liver c¢T1 > 825 ms could predict liver

event-free survival (p = 0.03), but TE > 8 kPa could not (p = 0.14, Table 11).
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Table 11: Additional analysis assessing influence of failure/unreliability rates on MRI and TE results

Test HR 95% Cl P value | Sens (%) | Spec (%) | PPV (%) | NPV (%)
cT1>825ms | 3.1 1.0-9.1 0.03 81.0 434 15.9 94.5
TE > 8 kPa 2.10 0.76-5.76 0.14 76.2 39.6 14.3 92.6

235 patients

included
n=17lostto |
follow up I
218 patients
followed up
218 180 attempted
attempted TE
MR scans measurements
n =238 (no

attempted TE)
excluded for
pairing

\ J

n =180 included in
intention to
diagnose analysis

Figure 18: Flow diagram for direct comparison between liver cT; and transient elastography (TE).
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Traditional risk factors

Neither presence of Type 2 diabetes nor BMI > 30 kg/m? could predict liver event-free
survival, liver-related or all-cause mortality (data not shown). Age as a continuous variable
was predictive of liver event-free survival (p =0.003, HR: 1.061, 95% Cl: 1.02-1.1), liver-related
mortality and all-cause mortality (data not shown). Treatment for underlying liver disease was
predictive of survival of liver mortality (p = 0.02), but not liver event-free survival (p = 0.07)

or all-cause mortality (p = 0.06).

Example images

See Figure 19 for example images of patients who had and did not have clinical outcomes.
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Figure 19: Example of abdominal iron-corrected T; (cT1) colour maps. (Top) a patient with
compensated cirrhosis (Ishak F6) at time of scan who went on to develop hepatocellular
carcinoma, ascites and death; (bottom) a patient with no histological or clinical evidence of
cirrhosis at time of scan who did not develop any clinical event. Scale in milliseconds (ms).
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3.6 Discussion:

We have shown further evidence with 754 patient-years of follow-up that liver cT1 can predict
all-cause mortality, liver related mortality and liver event-free survival. Liver cT1 > 825 ms
correctly predicted 19/22 (86%) of liver events and performed even better when the patient

cohort was restricted to NAFLD, ArLD and VH, predicting all liver events.

Higher liver T1 has been shown in a previous study to be associated with development of liver-
related clinical outcomes, albeit in a cohort of patients with CLD devoid of high liver iron
content®4, In our study there were four patients correctly classified by liver cT1 > 825 ms who
went on to develop liver-related events but were wrongly classified as to be at low risk of a
liver event by their uncorrected Ti. This reduced the classification percentage from 86% to
68%. The best T1 cut-off was high (1082 ms) and therefore, although it was highly specific, it
performed poorly as a screening tool, missing 14/22 events. These results underscore the
utility of the iron-correction method, especially considering the prevalence of elevated liver
iron content in the general population® and particularly in patients with ArLD and NAFLD. T
was unable to predict clinical outcomes at 825 ms in our study but could do so as a continuous

variable, albeit with lower AUC and HR than cTi.

Neither *H-MRS quantitation of liver fat, nor liver iron content as measured by MRI T,* could
predict clinical outcomes. Although excess liver fat can accelerate fibrosis progression in
certain patients??, it has been shown that histological liver fibrosis is the only parameter
independently associated with poorer outcomes??2. The distribution of iron deposition
(hepatocellular or parenchymal) may be important, but this cannot be assessed by MRI, which

may explain T,*’s lack of prognostic ability.
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Here, liver cT1 had almost identical sensitivity, specificity, PPV and NPV to TE. However, in the
additional analysis that assessed the influence of failed/unreliable results on prognostic
accuracy, TE > 8 kPa was unable to predict liver event-free survival, whereas liver cT1 > 825
ms could. This was not a true intention-to-diagnose analysis as there were no data collected
on patients who were excluded at the outset due to MRI contraindications, therefore the
success rates of MRI and TE in the general CLD population may be different. A distinct
advantage of cT; therefore is its technical success rate, reported as 98% vs 85% for TE —
including patients with obesity and ascites??® — and excellent test-retest repeatability and
reproducibility metrics®® compared to a high coefficient of variation for TE?°. In clinical
practice, if a TE score is unobtainable, patients are often biopsied. Liver cT1 would be a useful
diagnostic tool at this point instead of TE —or as 2" line test after TE in failed cases — to avoid
unnecessary biopsies, perhaps most usefully in NAFLD/ArLD/VH, where we have shown it has
the most prognostic value and as liver cT1 has been shown to be cost effective in the non-

invasive risk stratification?3! and diagnostic pathway of NAFLD?32,

Our reported TE failure rates are higher than in other prognostic studies conducted in cohorts
with no or smaller (< 13.5%) proportions of NAFLD patients31214215> and comparable to studies
in NAFLD?33, Our cohort contained a significant number (89/218) of NAFLD patients, (including
patients scheduled for bariatric surgery), in which it is reported that TE performs less well and
can reach failure/unreliability rates of 20%*! — an important consideration with NAFLD now
the most prevalent CLD. Liver cT; failed mainly in those who either were unable to enter the
scanner (claustrophobia) or with extremely high iron (haemochromatosis), degrading the T,*
signal. The TE failure rate from our study was much higher than in other studies. This could
represent an anomaly but could also be due to the fact that a majority of these examinations

took place between 2014-2016; with evidence showing that TE failure/unreliability rates have
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decreased considerably since then with advances in probe technology. It is likely therefore
that these rates are not representative of current failure/unreliability rates. Additionally, the
experience of the researchers performing the tests may have played a part. In current clinical
practice usually TE is performed by trained nurses who perform a large number of TE
examinations a week. In this study TE was performed by suitably trained operators as part of
the research team, albeit with less day-to-day experience than a dedicated Fibroscan nurse.
This factor is likely to have affected the unreliability results more than the failure rates as it
may take more attempts to obtain reliable readings, but absolute failure may be dependent

on the technical aspects of the probe and/or the skin to capsule ratio.

In comparison to Ishak fibrosis stage F5-6, which was able to predict 17/19 (89%) of liver
events, cTy predicted 19/22 (86%) events. This suggests that liver cT1 performs similarly in
excluding patients at low risk of developing clinical outcomes as biopsy. Liver cT1 > 825 was
shown to have a similarly high NPV to biopsy for the exclusion of patients with liver events
(96% vs 98%), indicating its suitability as a screening test. Liver cT1 > 1127 ms had the highest

specificity (98%) and PPV (67%) of all binary cut-offs.

When we compare our results to those of particular blood serum-based biomarkers, we find
it compares favourably to most, largely due to the variability of their prognostic capability.
FIB-4 and ELF have performed well in tertiary care settings3%3323* with FIB-4 often performing
better in patients with hepatitis C3%23> than NAFLD?33/ArLD%*. Indeed, a systematic review and
meta-analysis of ELF studies (personal communication from the LITMUS (Liver Investigation:
Testing Marker Utility in Steatohepatitis) group) has indicated that current cut-offs for staging
of liver fibrosis in NAFLD/NASH may be too high for accurate diagnosis of fibrosis in a lower

prevalence setting, indicating lower cut-offs may also be required for prediction of clinical
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outcomes. Liver cT1 is likely to have a greater impact earlier rather than later in the screening
process for the detection of early liver fibroinflammatory disease and help in monitoring
these patients noninvasively. Studies of even larger cohorts may bring out these differences

in the future.

Additionally, when we only included patients with compensated disease at baseline, we
observed a higher HR of 7.8 for liver event-free survival compared to 4.9 when including those
with evidence of decompensation when stratifying patients by liver cT1 > 825 ms. This is
important, as the utility of a non-invasive tool to predict those at risk would be of most use in
compensated patients who do not outwardly exhibit signs of CLD. There were only 10 events

in compensated patients however, so larger numbers are needed to verify this.

An unexpected observation was that liver cT1 > 825 ms cut-off provided a greater separation
when assessing all-cause mortality than liver mortality. There were by definition more all-
cause mortality events which increased the statistical significance. The greater separation is
most likely explained by the sheer chance that a few more non liver-related deaths were
correctly classified as at-risk. In larger cohorts with more mortality cases, we would expect
this separation to be higher for liver-related mortality. Another reason may be that often even
if there is a non-liver related health problem, a side effect may be liver and/or other internal
organ inflammation. Additionally, 2 patients died from non-liver related cancer —some cancer

therapies can be hepatotoxic and may have contributed to the higher liver cT1 in those.

We have shown liver cT1 performs especially well in the most prevalent CLDs, namely NAFLD,
ArLD and VH, with cT1 > 825 ms correctly identifying all liver events. These particular diseases
represent a significant financial cost to the UK’s social and healthcare systems'®. Accurate,

cost-effective stratification of these patients with non-invasive biomarkers would allow
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significant savings in time and money and an increase in patient comfort. There is also an
unmet need for reliable non-invasive endpoints in NASH drug development. Liver cT1 can
differentiate simple steatosis from NASH!%!, and the prognostic value of liver cT1 shown in
this study provides further evidence to support the use of liver cT1 as a surrogate endpoint in
NASH drug trials. Indeed, liver cT1 is shown later in this thesis and in a recent study by Harrison

et al.»®° to be able to monitor treatment response.

Limitations of this study included no fixed follow-up timepoint. This means that the AUC
analyses, sensitivities, specificities, PPVs and NPVs generated in cut-off analysis should be
taken with caution because unlike in Cox proportional hazards and Kaplan-Meier analysis, the
effect of patients being censored at different timepoints is not taken into account. Our patient
cohort included a wide range of liver disease severity from patients with mild fibrosis to those
with cirrhosis and decompensation at baseline. A prognostic test might not necessarily be
indicated in patients with decompensation, so we performed subgroup analysis excluding
these patients to address this. Future studies should examine the prognostic value of liver cT
in prespecified liver disease severity groups and particularly those with compensated

cirrhosis.

In conclusion, liver iron-corrected T1 (cT1) can identify patients at risk of all-cause mortality,
liver-related mortality and liver event-free survival in a cohort with mixed CLD aetiologies and
is particularly accurate in predicting liver event-free survival in patients with NAFLD, ArLD and

VH. Further multicentre studies should be carried out to validate our results.
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Chapter 4: Changes in liver cT; after direct
acting antiviral treatment for chronic hepatitis

C virus
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The work in this Chapter has been submitted as a paper to:

Jayaswal A, Levick C, Collier J, Tunnicliffe E, Kelly M, Neubauer S, Barnes E, Pavlides M. Liver
cT1 decreases following treatment by direct acting antiviral therapy in patients with chronic

hepatitis C virus.

and has been presented as an abstract at:

Jayaswal A, Levick C, Pavlides M, Collier J, Kelly M, Neubauer S, Barnes E, (2017).
Multiparametric magnetic resonance imaging can quantitatively assess fibroinflammatory

response to direct acting antiviral treatment of hepatitis C virus. Hepatology 66, 336A-337A.

116



4.1 Abstract:

Background & Aims: Direct acting antiviral therapies (DAAs) for treatment of chronic hepatitis
Cvirus (HCV) have excellent rates of viral eradication (>95%), but their effect on regression of
liver fibrosis is unclear. The primary aims were to use magnetic resonance imaging (MRI) and
spectroscopy (MRS) to evaluate changes in liver cTy, liver fat and liver iron content (LIC) in

patients with chronic HCV following treatment with DAAs.

Patients & Methods: In this prospective study, 15 patients with chronic HCV approved to start
treatment with DAAs were consecutively recruited from hepatology outpatient clinics at the
John Radcliffe Hospital, Oxford, UK, between December 2014 and September 2017. All
patients with a most recent clinical transient elastography (TE) measurement of > 8 kPa were
invited to take part in the study. Patients underwent MRI and MRS at baseline (before

treatment), and at 24 weeks and 48 weeks after the end of treatment (EoT).

Results: Liver cT1 showed significant decreases from baseline to 24 weeks EoT (876 vs 806 ms,
p =0.002, n = 15), from baseline to 48 weeks EoT (876 vs 788 ms, p = 0.0002, n = 13) and from
24 weeks EoT to 48 weeks EoT (806 vs 788ms, p = 0.016, n = 13). Between baseline and 48

weeks EoT significant reductions in liver fat and increase in LIC were observed.

Conclusions: Liver cT1 can quantitatively assess changes in fibroinflammation in patients with

chronic HCV undergoing treatment by DAAs. Due to the relatively short follow-up period, the

reduction in cTy is likely due to a reduction in inflammation rather than regression of fibrosis.
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4.2 Introduction

Globally, chronic hepatitis C virus (HCV) affects approximately 71 million people, a prevalence
of 1% of the world’s population*. Chronic HCV is associated with liver cirrhosis, development
of hepatocellular carcinoma (HCC), liver failure and death. Recently, direct acting antiviral
therapies (DAAs) have transformed the ability to treat and cure HCV, particularly in those with
advanced fibrosis and cirrhosis since these patients were largely intolerant of previous
interferon (IFN) based regimens. These treatments have high rates of success at eradicating
the virus®!* (> 95%), even in patients with cirrhosis and in patients who have relapsed

following earlier attempts at cure.

However, current evidence suggests that after achieving a sustained virological response
(SVR) through DAA treatment, risk of developing HCC is reduced, but not removed

completely?49-231,

There is no clear-cut set of risk factors for development of HCC post viral eradication. A study
by lannou et al.?>? identified severity of Fibrosis-4 (FIB-4) score > 3.25 as a risk factor for
development of HCC post treatment for HCV in patients with cirrhosis and fibrosis. Another
study developed models for HCC risk with age, platelet count, serum aspartate
aminotransferase/alanine aminotransferase (AST/ALT) ratio and albumin being the main
contributors to risk, based on 1,412 cases of HCC diagnosed during a mean follow-up of 2.5

years®3,

There is a growing body of evidence to support regression of non-invasive biomarkers of liver
fibrosis in significant proportions of patients following DAA treatment!8:254-260 However, it is

118



unclear from these results whether these changes are due to regression of inflammation or
fibrosis, or both. Furthermore, it is also unclear whether changes in fibroinflammation reduce
risk of HCC development. One study has assessed paired liver biopsy in 15 patients pre and
post DAA therapy?®l. This study showed maintenance of histological fibrosis and inflammation
in some patients and regression in other patients. Furthermore, in this same study changes in

non-invasive markers overestimated histological regression of fibrosis.

Another factor affecting risk of HCC development post viral eradication is epigenetic change.
Epigenetic aberrations are linked to tumour development. Chronic HCV has been shown to
induce epigenetic changes, which persist following viral eradication by DAAs?6%263_ |t is
postulated therefore that some patients, regardless of whether a reversal in either fibrosis or
inflammation takes place, may still be at risk of HCC development due to persistent epigenetic

alterations.

As a result, patients with liver cirrhosis prior to treatment are recommended for HCC
surveillance which includes ultrasound combined with alpha-fetoprotein (AFP) performed
every 6 months indefinitely. AFP is suboptimal for follow-up on its own due to low
sensitivity?642%5, and abdominal ultrasound can miss small HCCs. If our magnetic resonance
imaging (MRI) techniques can monitor disease regression/progression in these patients and
assess their future risk of HCC development, the need for close ultrasound follow-up could be

removed. MRI may also be able to detect lesions that might be otherwise missed.
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4.3 Aims

The main aim of this chapter was to evaluate changes in liver MR parameters (liver cT1 and
liver iron content (LIC) using MRI and liver fat using MR spectroscopy (MRS)) in patients with
chronic HCV following treatment with DAAs.

Secondary aims were to assess changes in other non-invasive biomarkers of liver disease
including transient elastography (TE), simple blood tests and serum-based fibrosis scores.
Patients were also followed up by their patient records for the duration of the study for

development of HCC and other liver decompensation events.

4.4 Methods

4.4.1 Patient selection

In this prospective study, patients with chronic HCV (as defined by positive HCV RNA assays
on more than two occasions 6 months apart) were consecutively recruited from hepatology
outpatient clinics at the John Radcliffe Hospital, Oxford, UK, between December 2014 and
September 2017. All patients who were approved to start treatment with DAAs by a multi-
disciplinary team, with the most recent clinical TE measurement of > 8 kPa, were invited to
take part in the study. (Patient demographics and treatment regimens are detailed in Table
12). Patients underwent study assessments comprising MRI, MR spectroscopy (MRS), TE and
blood sampling at baseline (before treatment), and at 24 weeks and 48 weeks after the end

of treatment (EoT).

The study was approved by the local Research Ethics Committee (ref no: 13/SC/0234) and
conforms to the declaration of Helsinki. All patients gave written, informed consent to take

part.
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4.4.2 Patient follow-up

Patients were also followed up for the development/recurrence of HCC and
development/recurrence of liver decompensation events (ascites, variceal bleeding, hepatic
encephalopathy, liver transplantation and liver-related mortality) for the duration of the

study by their electronic patient records.

4.4.3 MR protocol

Transverse abdominal shMOLLI images were acquired with parameters: 5(1)1(1)1 scheme, TI:
110 ms, 110 ms + RR, 110 ms + 2RR, 110 ms + 3RR, 110 ms + 4RR, 190 ms and 270 ms, TR/TE:
234.97/1.05 ms, TR of individual bSSFP readouts 2.5 ms, slice thickness 8.0 mm, GRAPPA

acceleration factor 2, flip angle: 35°. FOV: patient dependent, matrix size: 144 x 192.

T>* maps were acquired with a multi-echo GRE acquisition was used with parameters: TR: 500
ms, TEs: 1.25, 2.46, 3.69, 4.92, 6.15, 7.38, 8.61, 9.84 ms, 6 mm slice thickness, GRAPPA
acceleration factor 2, flip angle: 20°. DIXON method used for fat fraction analysis. FOV: patient

dependent, matrix size 104 x 128.

Magnetic resonance spectroscopy (MRS) was performed using a STimulated Echo Acquisition
Method (STEAM)?%* sequence with the following parameters: voxel size 20 x 20 x 20 mm?3
(shim volume 40 x 40 x 40 mm?3), TE = 10 ms, mixing time = 7 ms, TR: 2 s for water-suppressed
and TR: 4s for unsuppressed data with 1024 points acquired at bandwidth 50 Hz. 3 scans of 5
repetitions with water suppression were performed and 1 scan of 3 repetitions with water

suppression turned off was performed.
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4.4.4 MR analysis
LiverMultiScan™ was used to calculate cTs, T>* and liver iron content (LIC). MRS data were

analysed to quantify liver fat as described in Chapter 2.

4.4.5 Blood sampling

Blood samples were drawn on the same day as the MRI scan. Samples were analysed for ALT,
AST, alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT), C-reactive protein (CRP),
bilirubin, albumin, cholesterol, high density lipoprotein (HDL) and low-density lipoprotein
(LDL) and platelet count. Simple scores for serum-based fibrosis markers FIB-4%%°, aspartate

aminotransferase to platelet ratio index (APRI)?¢” and AST/ALT ratio were calculated.

Diabetes status, alcohol consumption, evidence of decompensation (presence of ascites,
hepatic encephalopathy and varices), height, weight, and body mass index (BMI)

measurements were recorded.

4.4.6 Transient Elastography

TE (Fibroscan®, Echosens, Paris, France) was performed by a trained professional, and a valid
reading was defined according to the manufacturer’s criteria (10 valid shots and IQR/median
ratio > 0.3). TE was performed on the same day as the MRI scan and the blood tests where
possible, alternatively the most recent clinically performed value was used (max. 1 weeks

difference in time).

4.4.7 Statistical analysis
The primary outcome was the change in liver cT1 following DAA treatment. Secondary

outcomes included changes in liver stiffness measured by TE, liver fat, LIC, FIB-4, APRI and
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AST/ALT scores and other blood-based biomarkers of liver fibrosis and fat. Comparison
between study timepoints was performed using the non-parametric paired Wilcoxon test.
Since the paired Wilcoxon test was used to evaluate significance of changes in variables from
one study timepoint to the next, only participants who had scans at both timepoints were
included in the analysis (i.e. 15 patients at timepoint 1, but only 13 at timepoint 3; only 13

participants’ data would be included in the Wilcoxon test for significance).

The cohort was split into patients with and without cirrhosis (defined by Ishak fibrosis stage
> F5 or clinical decompensation at baseline assessment) and temporal changes in liver cT1
were compared between groups. The cohort was split by genotype (GT) and liver fat

compared between GT1, GT2 and GT3 patients.

Correlations between liver cT1 and TE and between changes in liver cT1 and liver fat were
investigated using the Spearman’s rank correlation coefficient. Normality of variables was
assessed by the Shapiro-Wilk test. Significance level was set at 0.05. We did not correct for
multiple comparisons using the Bonferroni correction as there were small numbers of
patients and many of the tests were dependent tests. Median and interquartile ranges (IQR)

were reported for overall patient characteristics due to the small numbers involved.
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4.5 Results

Seventeen patients were recruited. One patient was excluded due to inability to hold their
breath during the MRI scan, another patient did not return for any follow-up visits. All
patients achieved SVR as confirmed by undetectable HCV RNA assay. Fifteen returned for
follow-up visits at 24 weeks EoT and 13 (2 lost to follow-up) returned at 48 weeks EoT (Figure

20).

17 patients
recruited 1 could not hold their
_|breath during MRI scan,
v ~|1 did not return for any
15 patients assessed at follow-up visits
baseline

Y
15 patients assessed at
24 weeks EoT

» 2 lost to follow-up

Y
13 patients assessed at
48 weeks EoT

Figure 20: Study flow diagram. Abbreviations: EoT — end of treatment.

4.5.1 Patient characteristics

Patients had median (IQR) age 58 (52-60), were 75% (10/15) male, with median (IQR) BMI 26
(24-28) kg/m?. 7 (47%) patients had genotype 1 (GT1) infection, 3 (20%) had GT2 and 5 (33%)
had GT3. 4/15 (27%) of patients self-reported as drinking alcohol in excess of the
recommended limits and 7/15 (47%) had cirrhosis at baseline. Individual patients’ details are
reported in Table 12 and changes in blood tests outlined in Table 13, changes in non-invasive

scores outlined in Table 14, and changes in MR parameters outlined in Table 15.
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Table 13: Simple blood test results at baseline, 24 weeks EoT and 48 weeks EoT.

Baseline 24  weeks EoT |48 weeks EoT|p value
(n=15) (n=15) (n=13) (baseline vs
median (IQR) median (IQR) median (IQR) 48 weeks)
Bilirubin (mmol/L) | 12 (8-16) 12 (10-18) 9 (9-13) 0.0658
ALT (1U/L) 120 (59-134) 28 (21-34) 23 (17-29) <0.001
ALP (1U/L) 96 (70-152) 71 (60-105) 77 (64-93) 0.0137
Albumin (g/L) 36 (34-37) 39 (37-40) 38 (36-39) 0.0172
GGT (IU/L) 107 (88-135) 36 (24-71) 33 (24-73) <0.001
AST (IU/L) 94 (67-140) 32 (29-42) 29 (25-35) 0.0078
Trigs (mmol/L) 0.99 (0.70-1.64) 0.78 (0.62-1.00) 0.70 (0.61-0.97) 0.0840
HDL (mmol/L) 1.1 (0.9-1.4) 1.4 (1.2-1.6) 1.5(1.1-1.6) 0.0453
LDL (mmol/L) 2.5(2.2-2.8) 2.5(2.3-2.9) 2.5(2.3-2.7) 0.8885
Ratio 4.22 (3.07-5.00) 2.90 (2.60-4.03) 2.94 (2.71-3.63) 0.0098
Platelets (x10%/L) | 192 (126-239) 223 (127-233) 233 (113-286) 0.0661
Abbreviations: ALT (Alanine aminotransferase), ALP (alkaline phosphatase), AST (aspartate
aminotransferase), GGT (gamma-glutamyl transferase), Trigs (Triglycerides), HDL (high density

lipoprotein), LDL (low density lipoproteins), FIB-4 (fibrosis-4), APRI (AST to platelet ratio index).

Since the paired Wilcoxon test was used to evaluate significance of changes in variables from one study
timepoint to the next, only participants who had scans at both timepoints were included in the analysis
(i.e. 15 patients at timepoint 1, but only 13 at timepoint 3; only 13 participants’ data would be included in

the Wilcoxon test for significance).
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Table 14: Non-invasive liver tests at baseline, 24 weeks EoT and 48 weeks EoT.

Test p value
(normal Baseline (n=15) 24 weeks EoT (n=15) | 48 weeks EoT (n=13) | (baseline vs
range) median (IQR) median (IQR) median (IQR) 48 weeks)
Child-Pugh

score 6 (5-6) 5 (5-5) 5 (5-5) 0.3458
FIB-4 2.51 (1.96-4.48) 2.27 (1.57-3.73) 1.39 (1.16-4.06) 0.0156
AST/ALT (0O- 0.0781

1) 1.158 (0.703-1.196) | 1.400 (1.160-1.467) | 1.29 (1.052-1.771)

APRI 1.185 (0.776-2.299) | 0.406 (0.259-0.541) | 0.219 (0.181-0.658) | 0.0156
TE (kPa) (O- 0.002

7) 19.5 (8.2-24.3) 11.9 (7.4-19.2) 10.1 (7.4-18.7)

Abbreviations: FIB-4 (fibrosis — 4), AST/ALT score (aspartate aminotransferase/alanine
aminotransferase ratio), APRI (aspartate aminotransferase to platelet ratio index), TE (transient
elastography). N.B. on normal ranges: FIB-4 is not validated in patients with normal blood scores,
therefore no ‘normal’ range can be described; the same is true for APRI. Child-Pugh score is
developed to categorise stages of cirrhosis rather than distinguish between normal and fibrotic

patients. TE range is based on evidence that 90-95% of healthy people will have a TE score <7 kPa.
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Table 15: Magnetic resonance parameters at baseline, 24 weeks EoT and 48 weeks EoT

p value
48 weeks EoT (baseline vs
Baseline (n=15) 24 weeks EoT (n=15) (n=13) median
median (IQR median (IQR 48 weeks
(1aR) (1aR) (QR) )
Liver cT1
(ms) 876 (832-901) 806 (772-836) 788 (767-807) 0.0002
Liver fat (%) | 5.17 (2.64-6.03) 2.54 (1.63-8.48) 2.65 (1.71-5.03) 0.027
Liver iron
(mg/g) 0.913 (0.884-0.994) | 1.019 (0.922-1.161) | 0.950 (0.895-1.129) | 0.021
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4.5.2 Liver cTy
Liver cT1 showed a significant decrease from baseline to 24 weeks EoT (876 vs 806 ms, p =
0.002, n = 15, Figure 21), from baseline to 48 weeks EoT (876 vs 788 ms, p = 0.0002, n = 13)

and from 24 weeks EoT to 48 weeks EoT (806 vs 788ms, p =0.016, n = 13,
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Table 15, Figure 21A). Example images at baseline and 24 weeks EoT are shown in Figure 22.

4.5.3 Liver fat

Liver fat showed a trend towards decrease from baseline to 24 weeks EoT (5.17% vs 2.54%, p
= 0.064, n = 12) reaching a significant decrease between baseline and 48 weeks EoT (5.17%
vs 2.65%, p =0.027, n = 11) and a significant decrease between 24 and 48 weeks EoT (median

2.54% vs 2.65%, mean 5.72% vs 3.62%, p = 0.039,
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Table 15, Figure 21C). There was no correlation between change in liver fat and change in cT;.
Liver fat did not vary between genotypes with mean values for genotypes 1 (n =7), 2 (n = 3)
and 3 (n = 4) at baseline being 6.59%, 7.05% and 6.26% respectively. GT1 vs GT2 (p = 0.833),
GT2vs GT3 (p=0.629), GT1 vs GT3 (p = 0.649). Liver fat also did not vary between genotypes
at 48 weeks EoT, with mean values for genotypes 1 (n=7), 2 (n=2)and 3 (n =2) being 2.81%,
5.78%, and 4.31% respectively. GT1 vs GT2 (p =0.333), GT2 vs GT3 (p = 1.00), GT1vs GT3 (p =

0.5).

4.5.4 Liver Iron

LIC increased between baseline and 24 weeks EoT (0.913 vs 1.019 mg/g dry weight, p = 0.022,
n = 15) and between baseline and 48 weeks EoT (0.900 vs 0.950 mg/g, p = 0.021, n = 13), but
there was no significant change between 24 and 48 weeks EoT (p = 0.470, Table 15, Figure
21D).

4.5.5 Transient Elastography

TE showed significant decreases between baseline and 24 weeks EoT (19.1 vs 12.5 kPa, p =
0.002, n = 12), between baseline and 48 weeks EoT (21.4 vs 12.3 kPa, p = 0.002, n = 10) and
between 24 and 48 weeks EoT (14.5 vs 12.9 kPa, p = 0.042, n = 12, Table 14, Figure 21B).

TE measurements were significantly correlated with liver cT1 (r = 0.60, p < 0.0001, n = 39,
Figure 23). In measurements taken before treatment, there was a moderate but significant
correlation (r = 0.547, p = 0.05, n = 12) and in post-treatment measurements there was a
significant, but weaker correlation between (r = 0.134, p = 0.003, n = 27). Reductions in cT1

correlated moderately (r = 0.500, p = 0.015, n = 23) with reductions in TE.
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4.5.6 Blood tests and biochemistry

From both baseline to 24 weeks EoT and baseline to 48 weeks EoT, significant reductions were
observed in ALT (p < 0.001 and p < 0.001), AST (p = 0.004 and p = 0.008), albumin (p = 0.005
and p =0.017), ALP (p = 0.014 and p = 0.014), GGT (p < 0.001 and p < 0.001), FIB-4 (p = 0.023
and p =0.016), APRI (p =0.008 and p =0.016), and a significant increase in HDL were observed

(p=0.028 and p = 0.045).

From baseline to 24 weeks EoT significant reductions were observed in AST/ALT (p = 0.027)
and ferritin (p = 0.023). From baseline to 48 weeks EOT significant reductions were observed

in cholesterol:HDL ratio (p = 0.010).

Between 24 weeks and 48 weeks EoT, AST, ALT, GGT and APRI showed a trend towards
decrease (p = 0.059, n = 11), (p = 0.077, n = 12), (p = 0.076, n = 13) and (p = 0.064, n = 10)
respectively but no significant reductions were observed. A significant increase in platelet

count was observed (p = 0.041, n = 10).

4.5.7 Patient follow-up

No de novo occurrences of HCC were observed following DAA treatment. One patient had
been diagnosed with HCC and had undergone ablation therapy in November 2011, 4 years
before DAA was started. The HCC recurred prior to DAA therapy (July 2015) and was again
ablated (June 2016) after completion of DAA therapy (November 2015). This HCC did not
recur during the follow-up of the study. This patient’s liver cT1 was 882 ms at baseline,

reduced to 864 ms at 24 weeks EoT and then 829 ms by 48 weeks EoT.
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4.5.8 Patients with cirrhosis vs patients without cirrhosis

Seven patients had clinical or histologically diagnosed cirrhosis. There was no significant
difference in mean baseline cT1 between patients with and without cirrhosis (863 vs 866 ms,
p = 0.694). Liver cT; was significantly higher in the group with cirrhosis at 24 weeks EoT (840
ms vs 789 ms, p = 0.014, Figure 24), with only a significant drop in cT1 in the non-cirrhotic
group (859 vs 767 ms, p = 0.008) not in the group with cirrhosis (863 vs 827 ms, p = 0.375).
There was no significant difference in mean cT1 at 48 weeks between patients with and
without cirrhosis (p = 0.234) nor any difference in magnitude of reduction in cT1 between 24
and 48 weeks EoT. Both groups were overall significantly reduced at 48 weeks EoT from

baseline (p = 0.031 for both).

4.5.9 Effects of excess alcohol consumption

Patients who had self-reported as drinking alcohol in excess of the recommended limits
throughout the study (n = 4) had significantly higher levels of LIC (1.55 mg/g vs 0.96 mg/g dry
weight, p < 0.001), significantly higher levels of liver fat (9.19% vs 3.91%, p = 0.004) and
significantly higher GGT levels (133 vs 59 IU/L, p = 0.011).

When these patients were excluded from the analysis, liver cT1 showed a significant decrease
from baseline to 24 weeks EoT (874 vs 798 ms, p < 0.001, n = 11), from baseline to 48 weeks
EoT (877 vs 773 ms, p = 0.004, n = 9) and from 24 to 48 weeks EoT (808 vs 773, p =0.004, n =
9).

Liver fat showed a significant decrease from baseline to 24 weeks EoT (6.38 vs 4.47%, p =
0.004, n =9), from baseline to 48 weeks EoT (5.17 vs 2.53%, p = 0.031, n = 6) but not from 24

to 48 weeks EoT (p = 0.313).
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TE showed a significant decrease from baseline to 24 weeks EoT (19.1 vs 11.7 kPa, p = 0.008,
n = 9), baseline to 48 weeks EoT (22.5 vs 12.0 kPa, p = 0.016, n = 7) and showed a trend
towards decrease from 24 to 48 weeks EoT (p = 0.08, n = 8).

LIC did not change between any timepoints.
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Figure 21: Response to DAA treatment from baseline to 24 weeks EoT, from baseline to 48 weeks
EoT and from 24 weeks EoT to 48 weeks EoT. Plots show response to treatment by A) liver cTy, B)
transient elastography (TE), C) liver fat, D) liver iron content. * denotes p < 0.05, ** denotes p < 0.01,

ns denotes p is not significant. EoT — end of treatment, DAA — direct acting antiviral therapy.
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Figure 22: Abdominal cT; images and segmentation masks pre and post treatment. A-B) Abdominal
cT: images from a patient with chronic hepatitis C virus at baseline and at 24 weeks after end of
treatment (EoT) respectively. C-D) Semi-automatically segmented liver cT; masks from the same

patient at baseline and 24 weeks EoT. See Chapter 2 for details of liver segmentation method.
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Figure 23: Liver cT, plotted against paired TE measurements. Both liver cT: and liver stiffness
measured by transient elastography (TE) were taken on the same day, within an hour of each other,
except one measurement which was taken within a week of MRI scan (coloured in red). Shaded area

indicates 95% confidence interval, R denotes Spearman’s rank correlation coefficient.
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Figure 24: Comparison of liver cT: between patients with and without cirrhosis at baseline, 24 weeks
EoT and 48 weeks EoT. * denotes p < 0.05. Cirrhosis was defined histologically (Ishak stage > F5) or

evidence of decompensation. EoT — end of treatment.
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4.6 Discussion

In this study liver cT1 has been used to track liver fibroinflammatory disease in the setting of
DAA treatment of chronic HCV. We have shown a significant decrease in liver cT1 in patients
with cirrhosis and mild-to-moderate fibrosis following DAA treatments for chronic HCV from
baseline to 24 and 48 weeks EoT. This suggests that there is both short and medium-term
improvement in liver fibroinflammatory disease after successful DAA treatment for chronic
HCV. We have observed that patients without cirrhosis show earlierimprovements than those
with cirrhosis, but the effect persists in patients with cirrhosis for longer, resulting in similar

fibroinflammatory improvement in both groups of patients by 48 weeks EoT.

Another study with a similar number of patients (n = 17) had shown decreases in liver T; after
DAA-achieved SVR'®. This study followed up patients once after treatment, for varying,
shorter periods than in this study (median 22 (IQR:3-79) days). We followed up at fixed
timepoints of 24 and 48 weeks after EoT to assess longer term changes and included all
patients with HCV undergoing DAA treatment. Our study investigated only those with
baseline TE > 8kPa, thereby investigating higher-risk patients that are more likely to require
close follow-up in a clinical setting. The study from the Nottingham group'®> did not report
any exclusion criteria, representing a more real-world context; but it is unclear whether they
excluded any participants with excess liver iron, as previously84. They did not report patients’
alcohol consumption, as we did. Treatment in that study was by sofosbuvir plus ledipasvir or
daclatasvir, with or without ribavarin; ours were a broader range of DAAs as prescribed by
the clinical care team (see Table 12). In comparison to that study by Bradley et al*®, in which

early reductions in liver T1 of 35 ms (at 1.5 T) were observed, we found reductions at 24 weeks
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EoT of liver cT1 of 70 ms from our study (at 3 T) —this is to be expected as the magnitude of
liver T1 increases (almost linearly) with field strength. We postulate that the later, smaller
reductions in cT1 in our study may be due to a combination of residual/remaining
inflammation and fibrosis reversal. However, it is more likely that most of the reduction in cT1

was due to inflammation as liver fibrosis reversal has shown to be a slow process?2.

In this study we not only observed reductions in liver cT1 but also in liver fat following DAA
therapy. Changes in both these parameters have been observed in response to treatment for
other chronic liver conditions. In particular, data from a recent open-label multi-centre study
investigating the ability of a fat-reducing therapy (NGM282) for resolution of non-alcoholic
steatohepatitis (NASH) showed that 12 weeks of treatment by NGM282 in different doses (1
mg and 3 mg daily, n = 24 and 19 patients in each group respectively) resulted in reductions
of 78 and 82 ms in patients with histologically proven NASH®. We have observed similar
decreases in liver cT1 (88 ms), albeit over a longer time period. The main difference that could
affect the significance of these changes are that in the NGM282 trial, patients had a high
starting level of liver fat (17-19%), and experienced large decreases in liver fat (11 %), most
of which occurred over a short period of time (6 weeks). It is known that high levels of liver
fat can artificially affect shMOLLI-acquired T1 (and therefore cT1) measurements?®®, This may
indicate an artificially large decrease in cT1 in the NGM282 study, whereas in our study,
although we observed small, significant changes in liver fat over 48 weeks (but not 24 weeks),
our cohort had much lower baseline liver fat, with many starting below 5%, indicating the cT:
reduction observed in this Chapter is independent of any fat effect. The NGM282 study also

showed that histological responders had a more marked reduction in cT: than in non-
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responders (92 vs 64 ms); this is similar to our data that show a more marked decrease in
patients who did not drink alcohol in excess than in those who did, potentially inhibiting any

histological improvement in their liver condition.

Patients without cirrhosis showed a steeper initial decrease in liver cT1 than those with
cirrhosis. We have also shown that liver cT1 continues to decrease between 24 and 48 weeks
EoT, albeit at a lower rate than between baseline and 24 weeks EoT. Single liver cT
measurements cannot separate the individual contributions of liver fibrosis and
inflammation, and presently the only method that can do this is liver biopsy. However, these
results indicate that relative temporal cT1 response could differentiate between patients with
cirrhosis vs non-cirrhosis and inflammation vs fibrosis reduction. Paired biopsy would be
needed to confirm this but was outside the scope of this study. It also indicates that most of
the improvement in fibroinflammation in patients without cirrhosis is observed by 24 weeks

EoT.

If the cT1 values of patients with and without cirrhosis decline to more similar levels over a
longer follow-up it may indicate risk of HCC development is equal and may allow reduction in
the frequency of ultrasound assessment for HCC in patients with cirrhosis — much larger
cohorts and longer follow-up would be needed to fully assess this. For example, a
retrospective study of 204 patients with PSC?’? showed that an increase in liver stiffness
assessed by MRE was independently associated with risk of hepatic decompensation — a

similar, but prospective study design would be appropriate for this.

We observed a weaker correlation between liver cT1 and TE after treatment than prior to
treatment (r = 0.134 vs 0.547). Whilst TE reportedly correlates well with histological liver
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fibrosis?13274272 3 study has shown it to have poorer diagnostic ability to discriminate F4
cirrhosis in patients post treatment for hepatitis C than in patients pre-treatment?’3. Using a
cut-off of 12 kPa, in that study 21% of patients with TE < 12 kPa had F4 cirrhosis and in total
5/13 (38%) patients with F4 cirrhosis post-treatment were misclassified by that same TE cut-
off. In our study, it is likely that a significant reduction in inflammation has affected the post-

treatment correlation between liver cT1 and TE.

Multiple studies have reported significant decreases in TE measurements and blood-based
biomarkers in patients undergoing DAA treatment in as little as 12 weeks and up to as long as
12 months EoT using TE2>4-260.274 'in accordance with our findings. Liver stiffness assessed by
magnetic resonance elastography (MRE) has shown to decrease after 6 months in a pilot
study by Guo et al?*’®> of 8 kidney transplant recipients with chronic HCV being treated with
DAAs and has also shown decreases in trials involving pharmacological therapy for NASH?76,
A study by Harrison et al?*° assessing liver cT1, MRE and TE in response to GR-MD-02
(galactoarabino-rhamnogalaturonate) for therapeutic effect on NASH, showed no clinical
effectiveness of the treatment. However, repeat measurements of cT1, MRE and TE yielded
coefficients of variation (CoV) for these 3 biomarkers of 3.1%, 11% and 40% respectively. This
indicates that both MRE and TE may be less well suited to longitudinal studies as their
variance may falsely indicate change in patient’s liver health. This further bolsters the case
for liver cT1 to be used as a primary endpoint in clinical trials for NASH and/or antifibrotic

therapies.

Liver fat reduced significantly between baseline and 48 weeks EoT. Lipid accumulation is

intrinsically associated with HCV and is frequently noticed histologically in chronic HCV,
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especially in genotype 3 infection. We did not observe significant differences in liver fat
between genotypes; this is likely due to our small cohort. Historically, steatosis has been

associated with lower SVR rates to interferon therapy?’’

and shown to be an independent
risk-factor for HCC development with chronic HCV-related cirrhosis?’8. Reduction in liver fat
may therefore also improve patients’ outcomes, but this is at odds with the results from

Chapter 3. Our results suggest that DAA treatment may have liver fat-reducing properties

regardless of whether patients have clinical steatosis or not.

A small but significant increase in LIC was observed from baseline to 48 weeks EoT. LIC is a
surrogate marker, calculated from, and inversely proportional to the T,* relaxation time. T,*
itself is a composite of the T, relaxation time and magnetic field inhomogeneity. It is likely
that liver tissue T, has fallen (as observed by Bradley et al'®) with improvement in liver
fibroinflammation, causing a decrease in T>* and increase in iron quantification in turn, rather
than an increase in actual tissue iron. It is worth noting than when excluding patients who
drank excess alcohol, no significant change in LIC was observed, but an increase was observed
in each patient who consumed excess alcohol Figure 21D. This indicates that the increase in

LIC is driven solely by the patients drinking excess alcohol.

Patients drinking excess alcohol had higher liver fat and LIC across all timepoints in the study;
a study observed similar findings with respect to higher histological liver iron in patients with
both ArLD and HCV than HCV alone?’®. The reference value for higher than normal iron is 1.7
mg/g??* and our patients were at the higher end of the normal spectrum. It is known that
patients with ArLD frequently present with evidence of iron overload, and even moderate
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alcohol consumption can increase markers of iron storage?®. The only participants whose
liver cT1 did not decrease between each time point were those that had been drinking heavily
— it is unclear exactly how the potentially opposing effects of viral eradication and excess

alcohol is affecting liver tissue and thus our liver cT1 measurements.

Liver cT1 > 825 ms has been shown in Chapter 3 of this thesis to predict higher risk of clinical
liver-related outcomes including HCC. Only 2/15 patients had mean liver cT1 > 825 ms at 48
weeks EoT (1 was drinking excess amounts of alcohol, the other had had HCC diagnosed and
ablated twice). We observed no re-occurrence of HCC in any DAA-treated patient; however,
this was in a small cohort and over a relatively short follow-up. Longer follow-up in larger
cohorts is needed to assess the prognostic significance of this cut-off in these cohorts.
Furthermore, the above cut-off may not apply to patients who have undergone fibro-
inflammatory reversal as structural changes in the liver and residual fibroinflammation may

require a different cut-off.

The greatest limitation of this study is the lack of paired histology, however MRS is well-
validated against histology and liver cT1 has been previously shown to correlate well with

203 and due to sampling variation and interobserver variability?8%28, liver

histological fibrosis
biopsy is not a true gold standard against which to measure. Furthermore, research has

shown that the current staging system for fibrosis may not be optimal in the context of fibrosis

regression in viral hepatitis?®.
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In conclusion, this chapter has shown that liver T1, when corrected for presence of iron (cT1)
can be used to assess fibroinflammatory response to DAA treatment for chronic HCV. Due to
the relatively short follow-up period, the reduction in cT; is likely due to a reduction in
inflammation, rather than regression of fibrosis, which has been shown to be a slow
process?%8, Further studies should be carried out to investigate whether the same effect is
seen when other insults to the liver e.g. excess alcohol consumption are stopped. Longer term
follow-up of HCC (re)development is also needed to evaluate the prognostic capability of cT;

in patients after DAA treatment.
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Chapter 5. T1 and cT; of abdominal organs for

the assessment of portal hypertension
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The work in section 2 of this chapter was submitted as a paper:

Chang J, Jayaswal A, Cheng L, Tay M, Gogna A, Tan H, Too C, Low A, Tan C. Multiparametric

MRI of liver and spleen predicts clinically significant portal hypertension and variceal bleeding.
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5.1 Abstract

Background & Aims: Chronic liver disease (CLD) can lead to portal hypertension (PH), which
is associated with development of varices and hepatic decompensation. The current gold
standard measure of PH is the hepatic venous pressure gradient (HVPG); patients also
undergo endoscopy for detection and grading of varices. Both measures are invasive to
different extents. Non-invasive markers of the spleen and liver have been shown to be
associated with PH. We therefore aimed to assess spleen Ti/cT: and liver cT1 for the

assessment of PH in multiple centres.

Patients & Methods: Patients were recruited from 3 centres in Oxford (UK), Singapore and
Cincinnati (US). Adult patients undergoing paired magnetic resonance imaging (MRI) and
HVPG measurements were recruited from Oxford and Singapore. The primary aim was

diagnosis of clinically significant PH (CSPH) defined by HVPG = 10mmHg.

Results: Oxford: Spleen cT1 correlated well with HVPG (r=0.46, p=0.03), and could predict
CSPH with AUC 0.86, which rose to AUC 0.90 in logistic regression with platelet count. Liver
cT1 did not correlate with HVPG and could not predict CSPH. Singapore: Liver cT1 could not
predict CSPH but could predict HVPG > 12 mmHg (p=0.03). Spleen cT1 did not correlate with
HVPG and could not predict CSPH but could predict future variceal bleeding (AUC: 0.74),
especially in patients on nonselective betablockers (AUC: 0.97). Similar spleen results were
obtained when excluding patients with non-cirrhotic PH (NCPH), but liver cT1 performed
better for diagnosis of CSPH (AUC 0.81), with liver cT1 + bilirubin on logistic regression
predicting CSPH with AUC 0.93.

Conclusions: T1/cT1 mapping of abdominal organs either alone, or in combination with certain
simple blood tests are promising biomarkers for the non-invasive assessment of PH and

should be evaluated further in larger cohorts.
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5.2 Introduction

Chronic liver disease (CLD) is associated with the development of liver fibrosis and eventually
cirrhosis. Portal hypertension (PH), often a result of CLD, is defined by an abnormally elevated
portal pressure gradient (PPG). The PPG is the difference in pressure between the portal vein
and the inferior vena cava (IVC) and represents the portal perfusion pressure of the liver.
Normal PPG levels are 1-5 mmHg; levels > 10 mmHg indicate clinically significant portal
hypertension (CSPH), the recognised threshold for a multitude of complications to begin
arising?®. In the Western world, the main cause of PH is liver cirrhosis. Other causes of PH are

collectively termed non-cirrhotic portal hypertension (NCPH).

The direct effects of PH are the opening up of collaterals between the portal and systemic

circulations, causing blood flow to bypass the liver.

Any occurrence or situation that causes either an increase in portal blood flow or increase in
resistance to portal blood flow can potentially lead to PH. This is shown by applying Ohm's

law AP = F x R, where P is pressure, F is blood flow and R is resistance to flow.

Portal pressure is normally maintained within a certain range (1-5 mmHg) by the liver
sinusoids that adjust their resistance to any changes in portal flow. If, as in liver cirrhosis,
these sinusoids and their connecting networks become damaged, intrahepatic resistance to
flow increases. Damage can be caused by fibrosis progression, nodule formation and

intrahepatic vasoconstriction.

PH can be categorised into 3 types; prehepatic, intrahepatic (sinusoidal and presinusoidal)

and posthepatic. These are dependent on the location of the underlying cause of PH.
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Prehepatic PH is caused by issues affecting the splanchnic, portal and mesenteric veins i.e.

before blood flow reaches the liver e.g. portal vein thrombosis.

Intrahepatic PH is dependent on increased resistance to blood flow, usually due to
progression of fibrosis/cirrhosis. Furthermore, when the location of increased resistance
within the liver is taken into account, intrahepatic PH is further divided into sinusoidal and
presinusoidal components, with the former mainly caused by cirrhosis and the latter by

idiopathic PH and schistosomiasis for example.

Any obstruction to blood flow out of the liver is defined as posthepatic PH. The location of
this obstruction can be anywhere from the outer part of the liver up to the inferior vena cava

(IVC). Posthepatic PH can be caused by Budd-Chiari syndrome for example.

One of the most common complications of PH is the formation of gastro-oesophageal varices
(present in approx. 50% of patients with a new diagnosis of cirrhosis?®*). PH leads to the
development of collateral vessels that lead blood flow away from the liver into the systemic
circulation. These collateral vessels develop mainly at the stomach (gastric varices) and the
oesophagus (oesophageal varices). When the PPG becomes too high, they are unable to
contend with this increased pressure and become fragile and prone to bleeding, with serious
and sometimes fatal results. The 6-week mortality rate in patients with variceal bleeding is

20%%%°.

The definition of ascites is the accumulation of free fluid in the peritoneal cavity. PH is the
commonest cause of ascites. A consequence of cirrhosis and ascites is the risk of developing

infections, termed spontaneous bacterial peritonitis (SBP).
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Hepatic Encephalopathy (HE) in the context of cirrhotic PH is a neuropsychiatric disorder
stemming from complications in CLD. Its main symptoms include fine motor and cognitive
impairment, which lead to emotional and behavioural disturbances. In certain cases, HE can
also lead to a state of coma, brain oedema, permanent damage to the nervous system and
death. PH and increased pressure opens up venous pathways for intestinal toxins to bypass
the liver and enter general blood circulation, with ammonia believed to be the main culprit in
HE. This excess ammonia passes through the blood-brain barrier and increases the level of
ammonia in the central nervous system (CNS) to toxic levels. Normally the liver would detoxify
and regulate the concentration of ammonia, but in HE, due to blood flow bypassing the liver,

the brain is affected by it.

In practice it is very difficult to measure the PPG as this would need direct puncture of the
portal vein; access of the portal vein is through the spleen, or through the liver, all of which
have risk of complications, in particular bleeding. There is no communication between the
systemic and portal circulations. The gold standard measure for assessing the severity of PH
is the hepatic venous pressure gradient (HVPG) measurement, obtained via transjugular

catheterisation, which closely correlates with the PPG?22°,

HVPG = WHVP — FHVP,

where WHVP is the wedged hepatic venous pressure and FHVP is the free hepatic venous

pressure.

HVPG measurement has been shown repeatedly in numerous studies to be an excellent
prognostic tool?® and both single and repeat measures yield clinically important information

(Table 16).
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Table 16: Value of HVPG measurements in prognosis.

Single HVPG measurements

> 6 mmHg definition of PH

>10 mmHg Defines CSPH- risk of developing ascites, varices, decompensation?*,
HCC?>.

>12 mmHg Variceal bleeding?®’

> 16 mmHg Increased chance of mortality?3

>20 mmHg Treatment failure and mortality in acute variceal bleeding?8828°

> 22 mmHg Mortality in acute alcoholic hepatitis?®°

Repeat measurements

Reduction to < 12 | Prevention of variceal bleeding and reduction in size of varices?°%2%2,

mmHg

Reduction of > 20% | Lower risk of first variceal bleeding event?°22%3

from baseline

Despite the utility of the HVPG, it is invasive, expensive and only carried out in specialist

tertiary centres?? due to the requisite level of expertise.

In clinical practice, patients are screened for oesophageal varices by gastroscopy; this
procedure is also (minimally) invasive, and not tolerated in all patients due to pharyngeal
reflex. In a patients perspective study, a fifth of patients experienced moderate to severe pain

during the procedure?®?,

The Baveno VI criteria (platelet count > 150,000 mm™ and liver stiffness assessed by transient
elastography (TE) < 20 kPa) have been shown to perform well in ruling out patients without
varices needing treatment (VNT) for unnecessary endoscopy, but a recent systematic review
and meta-analysis of studies validating these criteria showed that application of the criteria

only avoided upper endoscopy (EGD) in about 33% of patients?®®, and still had high rates (440-
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560 per 1000 EGDs) of unnecessary EGDs. If a surrogate non-invasive marker of PH or
predictor of presence of varices and/or VNTSs could be found, it would have significant clinical
utility as identified by the Baveno VI Consensus Workshop on Methodology of Diagnosis and

Therapy in PH?’.

PH causes congestion and fibrosis in the spleen, which increases its water content.
Consequently, many encouraging biomarkers of PH involve the spleen>%1042%6-2%8 |n 3 proof-
of-concept study carried out at our centre, in 19 patients, splenic cT1 correlated with HVPG
measurements (r = 0.69, p = 0.001) and could identify patients with clinically significant PH
(CSPH) defined as HVPG > 10 mmHg with high accuracy (AUROC 0.921%3), This technique could
therefore act as a screening tool to rule out those who do not need HVPG or endoscopy —

saving money that could be spent on other health service resources.

This promising pilot data required further validation; therefore, the overarching aim of this
chapter was to gather further data from multiple centres and investigate whether spleen cT1
could predict the presence of PH as defined by either HVYPG > 10 mmHg or radiological
evidence of PH. Since the liver-specific iron-correction has not been validated in the spleen
and therefore lacks physiological rationale, spleen T1 was also assessed for the same

outcomes.

Numerous studies have shown TE of the liver (reviewed by Berzigotti*’) and magnetic
resonance elastography (MRE) of the liver to correlate with HVPG?®°. A study has also shown
uncorrected liver T1 to correlate with HVPG measurements!!’. Liver cT1 was therefore also

investigated for the same aims.
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Through further data acquired at the John Radcliffe Hospital, Oxford and a collaboration
between Perspectum Diagnostics (PD) and a centre at Singapore General Hospital (SGH) we
were able to further investigate T1 and cT1 parameters of abdominal organs as surrogate

biomarkers of PH.

5.2 Aims

The specific aims of this chapter were to:

1) Update the pilot data obtained at OCMR with additional scans using spleen T1 and the
updated and standardised cT; algorithm?'88 to:
a) Assess liver cTy, spleen Ty, and spleen cT; for:
i) correlation with HVPG values
i) diagnostic accuracy for HVPG > 10 mmHg and > 16 mmHg
iii) diagnostic accuracy for presence of varices
b) perform interobserver variability analysis
c) conduct multivariate analysis for diagnostic accuracy of spleen T1/cT1 for HVPG >

10 mmHg

2) Examine data from SGH to:
a. Assess liver cT1, spleen Ty, and spleen cT; for:
i. correlation with HVPG values
ii. diagnostic accuracy for HVPG > 10 mmHg and > 16 mmHg
b. Conduct multivariate analysis for diagnostic accuracy of HVPG > 10 mmHg and

16 mmHg.
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c. Evaluate the ability of spleen cT; to predict patients with future episodes of
variceal bleeding

d. Examine a) and c) excluding patients on beta blocker treatment

This chapter has been presented as a collation of separate sub-studies and are discussed both

as standalone studies and in conclusion the results are summarised as a whole.
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5.3 OCMR cohort

5.3.1 Introduction

Previous work as described in the Introduction has shown spleen cT: to have a good
correlation with HVPG!%3. Since publication more patients have been recruited to the study

and the cT; algorithm has been updated and refined (Chapter 2).

5.3.2 Aims

The aim of this section therefore was to:

a) extend and update the analysis using the newly standardised cT: technique
(standardised to field strength and vendor) of both liver and spleen cT1 and also
assess spleen uncorrected T for:

i) correlation with HVPG
ii) diagnostic accuracy of HVPG > 10 mmHg and > 16 mmHg
iii) diagnostic accuracy for presence of varices
b) perform interobserver variability analysis for spleen cT;
¢) conduct multivariate analysis of non-invasive markers for diagnostic accuracy of

HVPG > 10 mmHg.

5.3.3 Methods

Patient selection

Consecutive patients referred for liver biopsy (with/or without portal pressure

measurements) for suspected cirrhosis were recruited from the John Radcliffe Hospital

157



(Oxford, UK) between August 2013 and June 2018". Those referred for percutaneous biopsy
consented to change their procedure to transjugular biopsy with portal pressure
measurements. Patients were adults and exclusion criteria were contraindication to MR
scans. Patients were also excluded from the analysis if their portal pressures could not be
calculated or they did not attend an MR assessment. All patients gave written, informed
consent and the study was approved by the local Research Ethics Committee (ref

13/5C/0243).

Study visit protocol

Study visits included MR assessment, blood sampling and liver stiffness measurements by
transient elastography (TE). Study visits occurred prior to transjugular biopsy, which was
performed by an interventional radiologist blinded to the MR data. Serum-based scores of
fibrosis (aspartate aminotransferase/alanine aminotransferase (AST/ALT) ratio, AST to

platelet ratio index (APRI) and Fibrosis-4 (FIB-4)) were calculated.

MR protocol and MR analysis

Transverse abdominal shMOLLI images were acquired with parameters: 5(1)1(1)1 scheme, Tl:
110 ms, 110 ms + RR, 110 ms + 2RR, 110 ms + 3RR, 110 ms + 4RR, 190 ms and 270 ms, TR/TE:
234.97/1.05 ms, TR of individual bSSFP readouts 2.5 ms, slice thickness 8.0 mm, GRAPPA

acceleration factor 2, flip angle: 35°. FOV: patient dependent, matrix size: 144 x 192.

b Recruited by Drs Michael Pavlides and Christina Levick. Data from 19 of these patients have been reported
elsewhere in Dr Michael Pavlides’ DPhil thesis and in a recent publication by Levick et al.1®* | do not claim this as
original work, rather as a reanalysis with updated MRI methods and increase in numbers (5, 26%). This section
also serves a reference point for the remaining studies.
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T>* maps were acquired with a multi-echo GRE acquisition was used with parameters: TR: 500
ms, TEs: 1.25, 2.46, 3.69, 4.92, 6.15, 7.38, 8.61, 9.84 ms, 6 mm slice thickness, GRAPPA
acceleration factor 2, flip angle: 20°. DIXON method used for fat fraction analysis. FOV: patient

dependent, matrix size 104 x 128.

Magnetic resonance spectroscopy (MRS) was performed using a STimulated Echo Acquisition
Method (STEAM)?%* sequence with the following parameters: voxel size 20 x 20 x 20 mm?3
(shim volume 40 x 40 x 40 mm3), TE = 10 ms, mixing time = 7 ms, TR: 2 s for water-suppressed
and TR: 4s for unsuppressed data with 1024 points acquired at bandwidth 50 Hz. 3 scans of 5
repetitions with water suppression were performed and 1 scan of 3 repetitions with water

suppression turned off was performed.

Transjugular biopsy and portal pressure measurements

The HVPG/transjugular biopsy procedure was carried out on patients under conscious
sedation with constant monitoring of vital signs after an overnight fast and 72-hour pause in
any antiplatelet/anticoagulant medication. Under local anaesthetic, with the patient in the
supine position, the right internal jugular vein was catheterised after which a straight vascular
catheter was introduced to measure the wedged and free hepatic venous pressures (WHVP,
FHVP). The catheter was advanced until it achieved a wedged position that was confirmed
radiologically, thus obtaining the WHVP. The catheter measured the FHVP 2-4 cm from the
confluence of the hepatic vein with the inferior vena cava. Pressures were measured by a
digital pressure measurement device connected to the catheter via a pressure transducer.
Pressure readings were allowed to stabilise for 30-40 seconds before being recorded. HVPG
calculated as WHVP — FHVP. Biopsies were then obtained using a 19G transjugular biopsy
needle and reported centrally, blinded to any MR data.
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Statistical analysis

Boxplots were generated to compare spleen cT1 values of patients with HVPG < 10 mmHg and
HVPG > 10 mmHg. Patients were also stratified into groups of increasing severity (HVPG < 10
mmHg, 10 mmHg < HVPG <16 mmHg and HVPG > 16 mmHg) and their spleen cT; values
compared. Wilcoxon non-parametric tests were performed to assess significance between
these groups. Correlation between spleen cT1 and HVPG were calculated using Pearson’s
correlation coefficient. Receiver operating curves (ROC) were generated for spleen cT1’s
diagnostic ability to identify patients with HVPG > 10 mmHg and > 16 mmHg. The best
performing cut-offs (Youden index) for prediction of severities of PH were generated. ROC

analysis was also performed for presence of varices.

Multivariate models using a combination of up to 2 clinical variables (to avoid overfitting)

were investigated to assess prediction of HVPG > 10 mmHg.

Interobserver analysis was independently performed blinded to the HVPG results by two
analysts (myself and a senior clinician Dr Michael Pavlides) on 19 datasets. The Pearson’s
correlation coefficient was calculated, intraclass coefficient calculated, and Bland-Altman

plots were generated.

5.3.4 Results

33 patients were recruited and 24 were included in the analysis. One patient missed the
planned HVPG/transjugular biopsy procedure due to development of severe alcoholic
hepatitis post study visit. Five only had their WHVP measured and 3 did not attend their study

visit for MR assessment (Figure 25). Baseline characteristics for the whole cohort and those
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with HVPG < 10 mmHg and HVPG > 10 mmHg are described in Table 17, with only Ishak
fibrosis stage, APRI score and spleen cT1 being significantly different in those with and without

CSPH.

33 patients
recruited
No HVPG measurement (n=1)
> WHVP only (n=5)
Missed MR visit (n=3)
24 patients
with HVPG
& MRI

Figure 25: Study flow diagram (OCMR).

Most patients were male (n = 18, 75%), with main disease aetiologies being NAFLD, ArLD and
viral hepatitis. Median age was 58 (46-67) and BMI was 28 (24-32) kg/m?. 14 had liver cirrhosis

defined as Ishak fibrosis stage F5-6.

An outlying patient was identified who had only mild fibrosis on biopsy and no other features
of cirrhosis or PH. Liver synthetic function tests (albumin, prothrombin time and platelet

count) were normal. It is possible the HYPG measurement in this case was inaccurate.

Spleen T1 and cT; by severity of PH

Spleen cT1 was higher in patients with HVPG > 10 mmHg than in those with HVPG < 10 mmHg
(1358 msvs 1231 ms, p =0.0024, n =10 vs 14, Figure 26b, Table 18), and excluding the outlying

patient the difference increased further (1370 ms vs 1231 ms, p =0.0002, n =9 vs 14). Spleen
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T1 was higher in patients with HVYPG > 10 mmHg than in those with HVPG < 10 mmHg (1351
ms vs 1204 ms, p = 0.0009, n = 10 vs 14, Figure 26a), and excluding the outlying patient the

difference increased further (1366 ms vs 1204 ms, p < 0.0001, n =9 vs 14).

When grouped by severity of PH, patients with HVPG 10-15 mmHg, but not HVPG = 16 mmHg
had significantly higher spleen cT1 and T1 than those with HVPG < 10mmHg. There was no
difference in patients with 10 < HVPG <16 and HVPG > 16 mmHg (Figure 26). When excluding
the outlier, both spleen cT1 and T1 were higher in both groups of patients with CSPH than in

those with HVPG < 10 mmHg, but there was still no difference between the severities of CSPH.
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Table 17: OCMR baseline characteristics. Characteristics provided for the whole cohort, those with HVPG <

10 mmHg and HVPG > 10 mmHg.

HVPG < 10 mmHg (n | HVPG > 10 mmHg
All (n = 24) P value
= 14) (n=10)
Age 58 (46-67) 63 (48-72) 57 (47-58) 0.278
Male (%) 18 (75%) 11 (79%) 7 (70%) 0.668
27.7 (24.07-
BMI (kg/m?) 25.8 (23.3-30.4) 30.6 (25.6-32.2) 0.403
32.03)

Cirrhosis (%) 14 (58%) 6 (43%) 8 (80%) 0.08

Ascites (%) 4 (20%) 3(21%) 1(10%) 0.497
Ishak stage 5(2-6) 2 (1-5) 6 (5-6) 0.047
Bilirubin (umol) | 13.5(10.8-22.5) 13.0 (8.8-18.0) 17.0 (11.3-25.5) 0.428
ALT (1U/1) 42 (22.8-70.3) 37 (23.5-82.0) 48.0 (24.0-65.3) 0.815
ALP (1U/1) 175 (116-224) 160 (106-208) 197 (150-233) 0.305
Albumin (g/!) 38 (33.8-45) 38 (34-45) 39 (34-41) 0.792
AST (1U/1) 40 (35-74) 37 (35-64) 45 (37-75) 0.422
GGT (1U/1) 113 (50-275) 105 (48-275) 231 (78-273) 0.483
Platelets (x 10%) | 132 (110-171) 135 (120-163) 107 (97-178) 0.151
PT (s) 14.4 (13.1-16.1) 13.5 (12.6-15.4) 14.9 (14.3-17.0) 0.120
AST/ALT 1.09 (0.88-1.73) 1.05 (0.88-1.30) 1.27 (1.10-1.80) 0.262

0.742 (0.610-
APRI 0.667 (0.512-0.744) | 1.06 (0.849-1.580) 0.002
1.20)

FIB-4 3.41 (2.16-4.83) 2.59 (1.98-3.68) 3.72 (3.16-5.84) 0.154
Liver TE (kPa) 17.2 (9.4-36.1) 12.0 (9.0-53.3) 32.5(10-34.3) 0.948
MR data

Spleen cT1 (ms) | 1289 (1188-1351) | 1231 (1173-1267) | 1358 (1321-1392) 0.002
Spleen T1 (ms) | 1254 (1189-1337) | 1204 (1177-1252) | 1351 (1317-1387) 0.0009
Liver cT1 (ms) 913 (858-1028) 894 (856-967) 989 (885-1225) 0.154
Liver fat (%) 3.65 (1.41-7.58) 5.00 (1.30-7.50) 2.3 (1.74-13.7) 0.931

p values given for difference between the two subgroups. Only Ishak fibrosis stage, APRI and spleen cT1 were
significantly different between those with and without CSPH. Significance set at p < 0.05. No Bonferroni
correction applied. BMI (body mass index), ALP (alkaline phosphatase), GGT (gamma-glutamyl transferase,

PT (prothrombin time). Data presented as median and (interquartile) ranges or number and %.
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Table 18: Spleen cT; and T, values for different severities of PH (OCMR).

HVPG < 10 mmHg | HVPG 10— 15 mmHg | HYPG > 16 mmHg

median (IQR) median (IQR) median (IQR)
Spleen cT: 1231 (1173-1267) 1358 (1335-1392) 1345 (1278-1385)
Spleen T4 1204 (1177-1252) 1351 (1336-1386) 1342 (1266-1382)

Spleen T1 /cT1 and liver cT; correlation with HVPG

Spleen cT; showed a moderate correlation with HVPG measurement (r = 0.47, p = 0.022,
Figure 27b), which increased when the outlier was excluded (r = 0.61, p = 0.002, Figure 27d).
Spleen T1 showed a moderate correlation with HVPG of r = 0.54 (p = 0.007, Figure 27a), rising
tor=0.71 (p = 0.0002, Figure 27c) with exclusion of the outlier. Liver cT1 did not correlate

with HVPG (r =0.29, p = 0.16) even when excluding the outlying patient (r = 0.35, p = 0.097).

Spleen T1 and cT: ROC analysis for severity of PH and presence of varices

Spleen cT; could identify those patients with HVPG > 10 mmHg with AUC 0.8571 (95% Cl:
0.6784-1.00, p = 0.01, Table 19), increasing to 0.9365 (95% Cl: 0.8441-1.000, p < 0.01) when
the outlier was excluded. The identified best cut-off of 1289 ms performed with sensitivity
90%, specificity 79%, positive predictive value (PPV) 75% and negative predictive value (NPV)

92%, improving to 100%, 79% 75% and 100% respectively with exclusion of the outlier.

Spleen Ti could identify those patients with HVYPG > 10 mmHg with AUC 0.8857 (95% Cl:
0.7714-1.00, p < 0.01), increasing to 0.9683 (95% Cl: 0.9013-1.000, p < 0.01) when the outlier

was excluded. The identified best cut-off of 1289 ms (same as cT1) performed with sensitivity
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90%, specificity 93%, positive predictive value (PPV) 90% and negative predictive value (NPV)

93%, improving to 100%, 93% 90% and 100% respectively with exclusion of the outlier.

Spleen cT1 could not identify those patients with HVPG > 16 mmHg with AUC 0.6625 (95% Cl:
0.2578-1, p = 0.34), with best cut-off of 1316 ms for higher sensitivity and 1372 for higher
specificity. Spleen T1 could identify those patients with HVPG > 16 mmHg with AUC 0.6625
(95% Cl: 0.266-1, p = 0.32). These had high 95% confidence intervals and therefore should be
interpreted with caution. In addition, there were only 4 patients with HVPG > 16 mmHg, so

this comparison is unlikely to be meaningful.

17 patients had recent endoscopy data available on presence of varices, of which 6 had
varices present. Spleen cT1 could not identify presence of varices (AUC 0.5909; 95% Cl:
0.2423-0.9395, p = 0.74) and spleen T1 could not either (AUC 0.7121; 95% Cl: 0.3912-1, p =
0.22). The large 95% Cls associated with these results mean they should be interpreted with

caution.

Spleen cT1/T1 was unable to distinguish groups for both prediction of HVPG > 16 mmHg and

prediction of varices because AUC Cls included 0.5.

Multivariate analysis

In multivariate analysis, no other non-invasive test except spleen cT1 and spleen T1 were

independently predictive of HVPG > 10 mmHg (data not shown).

In logistic regression, when spleen cT:1 was combined with platelet count, the AUC for
prediction of HVPG > 10 mmHg rises from 0.86 to 0.90 (95% Cl: 0.72-1.00, p = 0.007), with the

correlation with HVPG rising from 0.47 to 0.61 (95% Cl: 0.28-0.82, p = 0.0014). When spleen
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T1was combined with platelet count, the AUC for prediction of HVPG > 10 mmHg rose from
0.8857 to 0.8929 (95% Cl: 0.7102-1.00, p = 0.004), with the correlation with HVPG rising from

0.51to0 0.63 (95% Cl: 0.30-0.82, p = 0.001).

No other combination of parameters with spleen cT1/T1 performed better than spleen cT1/T1
and platelet count (no more than 2 were included to avoid overfitting, only non-invasive

variables in which there were no missing data were included).

When excluding the outlier, the spleen cT1 + platelet count model had AUC of 1.00 (95% ClI:

1-1) and correlation of 0.87 (95% Cl: 0.72-0.95, p < 0.0001) with same results for T1.

Table 19: Diagnostic accuracy of spleen cT1/T; for severity of PH and varices

Cut- AUC 95% P Sens | Spec | PPV | NPV
off confidence value | % % % %
(ms) intervals:
Spleen | HYPG>10 | 1289 | 0.8571 | 0.68-1 0.01 |90 79 75 |92
cT1 HVPG>16 | 1316 | 0.6625 | 0.26-1 ns 75 65 30 |93
HVPG>16 | 1372 | 0.6625 | 0.26-1 50 90 50 |83
varices 1324 | 0.5909 | 0.24-0.94 ns 67 73 57 |80
Spleen | HYPG >10 | 1289 | 0.8857 | 0.77-1 <0.01 | 90 93 90 |93
Ta HVPG>16 | 1308 | 0.6625 | 0.27-1 ns 75 70 33 |93
varices 1264 | 0.7121 | 0.39-1 ns 83 73 63 |89

Interobserver variability

Spleen cT; interobserver variability analysis yielded a Pearson’s correlation coefficient of 0.89
(p <0.0001) indicating a strong agreement between observers and good intraclass correlation

coefficient of 0.83 (0.62-0.93).
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Bland-Altman analysis showed a bias of -28 ms (95% Cl: -3 — -52 ms) with upper limits of
agreements 76.7 ms (95% Cl: 121-32 ms) and lower limits of agreement -132 ms (95% Cl: -88

—-177 ms).
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Figure 26: Stratification of severity of portal hypertension by spleen T,/cT; in patients with chronic
liver disease. * denotes p < 0.05, ** denotes p < 0.01. HVPG — hepatic venous pressure gradient. a)
spleen Ty, b) spleen cTy, c) spleen T, excluding outlier, d) spleen cT; excluding outlier.
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Figure 27: Correlations between HVPG and spleen T./cT:. a) spleen T; and HVPG including all 24
patients, b) spleen cT; and HVPG including all patients, c) spleen T1: and HVPG excluding the outlying
patient with normal clinical tests but high HVPG, d) spleen cT; and HVPG excluding the outlying
patient. Shaded area denotes 95% confidence interval. R represents the Pearson’s correlation
coefficient. Outlying patient circled in red in a) and b).
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Figure 28: Receiver operating curves (ROC) to show classification of patients with HVPG = 10 mmHg
by a) spleen T1 (AUC 0.8857, 95% Cl: 0.7714-1.00, p < 0.01), b) spleen cT; (AUC 0.8571, 95% Cl: 0.6784-
1.00, p =0.01), c) spleen T, excluding the outlying patient (AUC 0.9683, 95% Cl: 0.9013-1.00, p < 0.01),
d) spleen cT; excluding outlying patient (AUC: 0.9365, 95% Cl: 0.8441-1.00, p < 0.01).
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Figure 29: Interobserver variability analysis. (Top) Correlation between two independent observer’s analysis of spleen
cT1 values in n = 19 patients. R represents Pearson’s correlation coefficient. (Bottom) Bland-Altman plot for the same
analysis with shaded areas outlining upper (green) and lower (red) limits of agreement and bias (purple).
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5.3.5 Discussion

Discrimination of patients with HVPG > 10 mmHg vs those with HVPG < 10 mmHg was good,
and improved with the exclusion of the outlying patient, as reported previously by Levick et
al®3. The cut-offs derived in this study using the new standardised cT; algorithm were lower
(1289 vs 1376 ms) than reported previously, but this is not unexpected, as the algorithm
generally maps the ‘old’ cT1 to a ‘new standardised’ lower cT4, as shown by the updated liver
cT1 cut-off for prediction of clinical outcomes (825 ms vs 875 ms (reported as fibrosis and

inflammation (LIF) score of 2 in previous publications'87:203)),

Spleen cT1 could not distinguish between different severities of CSPH, which is a finding in line
with other publications investigating the correlations of spleen TE, liver TE and spleen T1 with
HVPG, in which these parameters correlated well with HVPG up to 12 mmHg, but not
above??117:30 \Whilst it is postulated that the reason for this lack of association with HVPG >
10 mmHg is due to extrahepatic factors for liver stiffness/liver fibrosis-based measures, we
initially hypothesised that these factors would be incorporated in spleen cT1 measurements.
However, with increasing PH the same effect might be encountered with the spleen;
increasing congestion and fibrosis may only be correlated with severity of HVPG up until a
point, as the opening up of collateral vessels or varices may then reduce the degree of splenic
congestion, thereby accounting for the lack of discriminatory ability at greater severity of PH.
With larger numbers, sensitivity analysis could be performed to assess whether presence of
varices at high HVPG levels affects correlation with spleen T1/cT1. Another explanation for the
‘flattening out’ of spleen T1/cT1 values at higher HVPG could be due to reaching the T; value
of blood, indicating that there may be a ceiling after which spleen T1/cT1 shows no further

correlation with HVPG.
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There was one outlying patient with normal clinical liver function tests and clinical
examination, but high (17.5 mmHg) portal pressure measurement. The inclusion/exclusion of
this patient significantly altered the correlation coefficients of spleen T1/cT1 with HVPG. This
highlights not only the high technical ability required to perform HVPG measurements but

also the small size of our dataset which is liable to change significantly with one datapoint.

Spleen T; showed a moderate AUC for presence of varices, (0.71) but did not reach
significance, probably due to small numbers in the group. Additionally, due to the small
number, we included presence of all varices, most of which were grade 1. In another cohort
of 91 patients with compensated advanced CLD (cACLD) recruited here at OCMR3%!, spleen T
was shown to have 100% sensitivity for identifying varices needing treatment (VNTs), which
is @ more clinically useful measurement. Larger cohorts would allow us to investigate the

ability to identify patients with VNTs.

Interobserver agreement was good, with r =0.89 (p < 0.001). In comparison to our intraclass
correlation coefficient (ICC, 0.83), ICCs for spleen stiffness assessed by point shear-wave
elastography was 0.963%2 and 0.76 for acoustic radiation force imaging (ARFI), (albeit with ARFI
measurements only available in those with larger spleens)3°3, and 0.98 by MRE3%4, Caution
must be taken in that our analysis was performed over only 19 patients, and larger numbers

are required to obtain a more accurate value.

In the correlation plot of spleen cT1 vs HVPG (Figure 27B) the correlation seems tighter
amongst the high HVPG/spleen cT; values, and less so at the lower values. The reason for this
is unclear having examined our data set fully. Initial thoughts were that the iron correction

would have affected the lower spleen Ty values since they can overlap with the upper limits
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of liver Ty values, a region in which the iron correction would have a more significant effect.
However, both the T1 and cT1 vs HVPG plots are very similar, so it is likely the main
contributing factor is the greater interobserver variability at lower values as shown in Figure
29A. We have not been able to postulate a particular reason for this and examination of the
data has not yielded any explanations such as high spleen T1/cT1 heterogeneity. However, this
could be an impact of the LiverMultiScan™ colourmap if differences in cT; at the lower range

map to a smaller discernible range of colour on the screen.

We postulated that using spleen T rather than cT1 may yield a weaker correlation, but in fact
spleen T1 performed similarly for all tests performed, and even outperformed cT1 consistently
but not significantly. This is a difference to previous analysis within our group, in which
uncorrected spleen Ti performed inferiorly to spleen cT1 using the original correction
algorithm. The reason for this is likely two-fold. The new iron correction method has a
different range of utility, still being designed for the liver and not the spleen — in previous
versions the correction extended to the spleen range of T1 values, which are generally higher
than those found in the liver. It is now not deemed operable in that extended range since
there would not be any effect within it. Secondly, the older correction did not have the field

strength correction included, which will also contribute to the differences.

Overall, examining our data more closely, in many of the abdominal slices, the T,* images
yielded lower T,* R-squared values (a measure of how reliable the T>* quantification is) within
the spleen than in the liver (0.971 vs 0.983, p = 0.015). This may have contributed to the larger
variation in overall spleen T,* values (IQR: 15.1 —31.9 ms vs 13.9 — 22.5) and variability within
the spleen T>* ROIs (IQR: 8.41 vs 3.38 ms, p =0.03), which could manifest itself in less accurate

spleen cT; values. Further technical development work in this area could reduce interobserver
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variability. In general, it has often been more difficult to obtain reliable T>* values due to poor
quality R? maps as the gradient echo (GRE) sequence is very susceptible to patients’ motion.
Whether T,* introduces variation should be addressed by looking at the interobserver

agreement between spleen T1 which we did not do here.

No other variable other than spleen T1 and spleen cT: were independently associated with
presence of CSPH, but the combination of spleen Ti/cT: and platelet count performed
excellently. Thrombocytopaenia is associated with PH3%> and combinations of platelet count
with other non-invasive markers are used in many of the composite scores in hepatology; the
APRI score, LSPS (liver stiffness to platelet ratio score), Baveno VI criteria for screening for
VNTs and others, so it’s inclusion as an adjunct variable is not surprising. One of the desired
characteristics of a non-invasive tool for the assessment of PH is the detection of varices. A
Cochrane database systematic review also showed platelet count to spleen length to have
sensitivity of 85% for diagnosis of oesophageal varices3°®. A composite biomarker including

spleen cT1/T1 could therefore have great clinical utility for both diagnosis of CSPH and varices.

Liver cT1 did not correlate with HVPG, which is in accordance with the results published by
our group using the older version of the iron correction method?®3. These results are in
contradiction to many of the results relating to liver T1'*’, TE and MRE®"’s correlations with
HVPG. Our cohort contained some unexpectedly low liver cT1 values in patients with
histologically confirmed cirrhosis, which is likely to have impacted on the correlation with
HVPG. It is unclear what this reason is, but we postulate that in some patients with advanced
fibrosis/cirrhosis, just as liver volumes are observed to decrease3?’, water content and thus
liver T1 may also decrease. Secondly, there may be advanced fibrosis, but reduced

inflammation in some of these patients, which would also result in reduced liver cT1. In these
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cases, spleen T1/cT1 would be a useful additional marker of disease severity. Another factor
that could be causing low liver T1 values is the interaction with liver fat. We did not look at fat
fraction as a modulator of low liver T1 values in multiple regression in this work but is a

suggested next step.
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5.4 Singapore General Hospital cohort

5.4.1 Introduction

Following on from the extension to the pilot study at our centre, a collaboration was
undertaken between PD and A/Prof Jason Chang, Head & Senior Consultant, Department of
Gastroenterology & Hepatology, Singapore General Hospital (SGH). This collaboration
involved recruitment of patients undergoing clinically indicated HVPG measurements and
abdominal MRI scans at SGH, with image and statistical analysis performed by myself. The
collaboration was made in the attempt to obtain similar data and perform similar analysis as

in Section 1, but in a larger cohort and in a different centre.

5.4.2 Aims

The aims therefore of this section were: to assess in all patients and excluding those on non-
selective beta-blocker (NSBB) treatment the ability of liver cT1 and spleen T1 and cT; either on

univariate or multivariate analysis for:

a) correlation with HVPG

b) ability to stratify patients with significant portal hypertension (CSPH) as defined by

HVPG > 10 mmHg

c) ability to stratify patients with CSPH at clinically relevant thresholds of HVPG > 12 and

> 16 mmHg

d) prediction of clinical events associated with development of CSPH including episodes

of variceal bleeding
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5.4.3 Methods

Patient selection

This study was designed as a prospective observational single-centre study to evaluate the
diagnostic performance of cT1 to predict CSPH in a cohort of patients undergoing HVPG

measurements.

Patients seen in the Department of Gastroenterology and Hepatology, SGH who were
scheduled to undergo HVPG measurement for evaluation of PH were prospectively recruited
to participate in this study. Inclusion criteria for participation included (1) age >21 years, (2)
CLD with clinical indication for HYPG measurements, (3) ability to provide informed consent.
Exclusion criteria included severe hepatic decompensation with refractory ascites, active HE
or liver failure, contraindications to MRl including indwelling metallic devices, claustrophobia
or creatinine clearance <30 ml/min, pregnancy, inability or unwillingness to provide informed
consent. Recruitment for the study was performed between August 2017 and Mar 2019. The
study protocol complied with the Declarations of Helsinki and was approved by the SingHealth
Centralized Institutional Review Board (CIRB reference number: 2017/2425). Patient
demographic and clinical data, including aetiology of liver disease, severity of cirrhosis,
endoscopic findings and clinical events including variceal bleeding, were recorded in a

standardized data form®.

¢ Study protocol provided by Jason Chang, SGH. | did not carry out this study and not claim this work as my own,
| performed all statistical analysis and spleen image analysis blinded to clinical data and HVPG measurements.
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MR protocol

T1 mapping: shMOLLI 5(1)1(1)1, 192x144 acquisition matrix, segments=84, bandwidth=246
Hz/Pixel, parallel imaging factor=2, 8mm slice thickness, flip angle=35°, FOV=440mm x

330mm, echo spacing (SSFP TR) =4.76ms, TE=1.93m:s, initial TI=145ms, Tl increment = 80ms.

T,* mapping: 128x104 acquisition matrix, 6mm slices thickness, flip angle=20°,

FOV=400mmx325mm, TE = 2.38ms, echo spacing=2.38ms, number of echoes = 8.

MRI scans were performed using a Siemens Magnetom Avanto-FIT, 1.5T scanner (Erlangen,

Germany) All MRI scans were performed within 8 weeks of HYPG measurement.

HVPG measurement

HVPG measurements were performed by qualified interventional radiologists who are trained
to perform HVPG, using a standardized HVPG protocol3®. Briefly, ultrasonography-guided
puncture of the internal jugular vein is performed using a strict aseptic technique. Position of
the guidewire in the vein is confirmed by fluoroscopy. A 6 French (Fr) sheath is inserted over
the guidewire and is secured in the internal jugular vein, through which a 4 Fr Multipurpose
A catheter (Cordis, Johnson and Johnson, Florida, USA) is advanced into the hepatic vein
under fluoroscopic guidance. The middle hepatic vein is preferentially cannulated, failing
which the right hepatic vein is cannulated. The catheter is positioned no more than 2 cm into
the hepatic vein for measurement of the free hepatic venous pressure (FHVP). An occlusion
5.5 Fr ‘over-the-wire’ Fogarty balloon catheter (Edwards Lifesciences, California, USA) is
advanced distally into the appropriate position in the hepatic vein and the balloon is inflated
for measurement of wedge hepatic venous pressure (WHVP). After inflation of the balloon, 5

mL of contrast is injected and a venogram obtained to ensure total occlusion of the hepatic
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vein. This step is essential to exclude the presence of intrahepatic portal venous shunts that
would result in underestimation of the true WHVP. If total occlusion of the hepatic vein is not
satisfactorily obtained, the balloon is deflated, and the catheter is repositioned to ensure
adequate occlusion. Pressure readings are appropriately calibrated for measurement of
venous pressures and adequate time (at least 45—60 seconds) is allowed for stabilisation of
readings before a final measurement is recorded. FHVP and WHVP readings are repeated
three times to obtain triplicate set of readings. Readings that differ by >2 mmHg are
discarded, the position of the catheter and balloon is re-checked, and the measurement is

repeated.

The major difference between this and the approach taken here at the John Radcliffe is the
use of a balloon catheter rather than a wedge catheter, which is considered to have less

variability and is more accurate than straight catheters3%°,

Statistical analysis

Patients were stratified into those with and without HVPG > 10 mmHg and non-invasive
scores compared. The Wilcoxon non-parametric test were performed to assess significance
between these groups. Correlations between each of spleen cT1 and liver cT1 and HVPG were
calculated using Pearson’s correlation coefficient. No correction for multiple comparisons

were made.

Area under the receiver operating curve (AUROC) analysis was performed for the
classification of HVPG > 10 mmHg, > 12 mmHg (associated with increased risk of variceal

bleeding) and > 16 mmHg (associated with increased risk of mortality), and prediction of
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episodes of variceal bleeding by MR parameters and blood-based tests (albumin, ALT, AST,

bilirubin, creatinine, GGT, haemoglobin (Hb) prothrombin time (PT) and platelet count).

Subgroup analysis was performed excluding those on nonselective beta-blocker (NSBB)

treatment as changes in cardiac output may affect the spleen cT1 values.

The best performing variables on univariate analysis (up to a maximum of 3 to avoid
overfitting) were then assessed in general linear modelling/logistic regression analysis.
Combinations of MR-derived parameters only (liver and spleen cT1) were also assessed for

classification of severity of CSPH and prediction of variceal bleeding.

Associations of MR parameters with HVPG were also assessed after excluding patients with

NCPH, in whom HVPG may not reflect the true portal pressure.
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5.4.4 Results

During the study period, a total of 56 subjects fulfilled the inclusion criteria and provided
informed consent to participate in the study. 9 subjects did not complete the study — 2
withdrew consent as they were unwilling to proceed with MRI, 2 developed medical
complications and were too ill to proceed with the study and 5 subjects missed their MRI
appointments within the 8-week window period. In total, 47 subjects completed the study

and underwent paired HVPG and MRI according to the study protocol (Figure 30).

56 patients
recruited
Withdrew consent to MRI (n=2)
- Too ill to attend (n=2)
Missed MR visit (n=5)
A
47 patients
with HVPG
& MRI

Figure 30: Study flow diagram (SGH)

Patients had median age 63 (54-67), were evenly split between male and female (53% male),
had cirrhosis in 37/47 (79%) and main aetiologies were NASH (21%), hepatitis B virus (HBV,
15%) and alcohol-related liver disease (ArLD) 15%. 3 patients did not have cirrhosis on biopsy
(two had perisinusoidal fibrosis not amounting to cirrhosis and one had nodular regenerative

hyperplasia (NRH)), and 7 subjects had NCPH (3 with post-hepatic portal hypertension due to
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cardiac disease, 2 with idiopathic noncirrhotic portal hypertension, 1 with myeloproliferative

disease with left sided portal hypertension and 1 with Budd-Chiari syndrome).

Forty-six out of 47 patients had valid HVPG data. These 46 patients had paired
multiparametric MRI and HVPG data, with spleen cT; available in all 46, and liver cT1 available

in 45 (1 failing quality control check). Only these 46 patients were included in analysis.

There were no statistically significant differences in any of the blood serum-based biomarkers
except bilirubin (p = 0.014, Table 20) between those with HVPG > 10 mmHg and < 10 mmHg.
There were no statistically significant differences between those with HVPG > 10 mmHg and
< 10 mmHg in any of the MR-based biomarkers, with a trend towards significance shown for

liver cT1 (p = 0.066).

Median follow-up duration for variceal bleeding was 19 months (IQR 12-24). During this

period, 14 subjects had episodes of variceal bleeding (30%).

Correlation of MR parameters with HVPG
Liver cT1 (r = 0.411, p = 0.005) was correlated with HVPG, but not spleen cT1 (r = -0.035, p =
0.817, Figure 31) nor spleen T1 (r =0.04, p = 0.795). Liver and spleen cT; were not significantly

correlated (r =0.030, p = 0.844).

Classification of severity of PH based on HVPG thresholds
Univariate analysis for the prediction of HVPG = 10 mmHg, HVPG > 12 mmHg and > 16 mmHg

are detailed in Table 21:
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Table 20: SGH baseline characteristics. Characteristics provided for all patients, those with HVPG = 10 mmHg and <
10 mmHg,

HVPG <10 mmHg | HVYPG=>10 mmHg |P
All (n = 46)
(n=38) (n=38) value

Age 63 (54-67) 54 (51-58) 64 (57-67) 0.042
Male (n, (%)) 24 (53%) 5 (63%) 19 (50%) ns
Cirrhosis (%) 37 (79%) 2 (25%) 35 (92%) <0.001
Varices 33 (72%) 5 (63%) 28 (74%) ns
Variceal bleed 15 (34%) 4 (50%) 11 (29%) <0.01

Aetiology <0.01
NASH 10 (21%) 0 (0%) 10 (26%)
ArLD 7 (15%) 1(12.5%) 6 (16%)
HBV 7 (15%) 1(12.5%) 6 (16%)
Cryptogenic 6 (13%) 0 (0%) 6 (16%)
Other* 17 (36%) 7 (75%) 10 (26%)
Bilirubin (umol) 21.5(14.3-35.0) 9 (6.5-15.0) 22.0(18.3-35.0) 0.014
ALT (1U/1) 35 (25-46) 31 (24-42) 37 (26-47) 0.434
ALP (1U/1) 118 (90-170) 77 (63-126) 120 (92-163) 0.147
Albumin (g/1) 34 (30-40) 37 (31-40) 32 (30-40) 0.459
AST (1U/1) 51 (40-74) 52 (39-58) 52 (41-75) 0.562
GGT (1U/1) 114 (51-189) 66 (32-101) 131 (63-197) 0.063
Platelets (x 10°) 127 (75-153) 161 (139-186) 97 (72-149) 0.054
PTT (s) 29.2 (26.0-32.5) 26.7 (25.2-28.9) 29.7 (26.1-32.7) 0.095

MR data
Spleen cT1 (ms) | 1352 (1278-1428) | 1372 (1330-1428) | 1358 (1276-1428) | 0.643
Spleen T1 (ms) 1097 (1030-1182) | 1140 (1056-1194) | 1087 (1030-1176) | 0.817
Liver cT1 (ms) 805 (767-928) 787 (728-798) 824 (768-948) 0.066

Significance between the groups assessed by the Wilcoxon non-parametric test reported in the far-
right column. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), non-alcoholic
steatohepatitis (NASH), alcohol-related liver disease (ArLD), hepatitis B virus (HBV), gamma glutamyl-
transferase (GGT), prothrombin time (PT) and cT; (corrected Ti). *Other included HCV, Wilson’s
disease, NCPH, AIH/PBC, Caroli disease.
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Figure 31: Correlation between hepatic venous pressure gradient (HVPG) measurements and

abdominal cT;. a) liver cT1. Shaded areas represent the 95% confidence intervals. Significance was set
at p < 0.05.
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Prediction of severity of portal hypertension based on clinically used HVPG thresholds. Biomarkers with

Table 21

highest consistent AUCs highlighted in bold to be assessed for multivariate analysis.
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Liver cT1, bilirubin and platelet count consistently had the highest AUCs for stratification of
severity of PH, but still had high 95% Cls, which accounted for the non-significance of bilirubin
at all severities and the non-significance of liver cT1 and platelet count at HVPG > 10 mmHg.
Logistic regressions of liver cT1, and either bilirubin or platelet count (maximum 3 variables to
avoid overfitting) for each severity of PH (HVPG > 10, > 12 and > 16 mmHg) had AUCs and 95%
Cls described in Table 22. All of the combinations had large 95% Cls and again these results

must be taken with caution.

Table 22: Logistic regressions of best performing tests on univariate analysis for prediction of
severity of PH.

Test AUC 95% Cl P value > threshold
VS <

threshold

HVPG 2 10 mmHg

Liver cT1 + platelets + bilirubin | 0.8031 0.5851-1 0.01 37vs7
Bilirubin + platelets 0.797 0.5603-1 0.01 38vs7
Liver cT1 + bilirubin 0.7992 0.5815-1 0.014 37vs7
Liver cT1 + platelets 0.7095 0.5404-0.8785 | ns 37vs 8

HVPG > 12 mmHg

Liver cT1 + platelets + bilirubin | 0.7842 0.6436-0.9248 | 0.003 26 vs 18
Bilirubin + platelets 0.749 0.5915-0.9064 | 0.007 27 vs 18
Liver cTy + bilirubin 0.735 0.5794-0.8907 | 0.01 26 vs 18
Liver cT1 + platelets 0.7814 0.6454-0.9173 | 0.003 26 vs 19

HVPG > 16 mmHg

Liver cT1 + platelets + bilirubin | 0.750 0.5969-0.9031 | 0.02 32vs12
Bilirubin + platelets 0.6894 0.5266-0.8521 | ns 33vs12
Liver cT1 + bilirubin 0.7214 0.5558-0.8869 | ns 32vs12
Liver cT1 + platelets 0.7551 0.6051-0.905 0.02 33vs12
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Prediction of episodes of variceal bleeding

45 patients had available data on episodes of variceal bleeding. For prediction of episodes of
variceal bleeding, Hb, PTT and spleen cT1/T1 performed best (Table 23). A combination of
these parameters did not yield any significantly superior predictive value (0.7395 (95% CI:

0.5765-0.9025)) to spleen cT1/T1 or PTT on their own.

Table 23: Prediction of future episodes of variceal bleeding by biomarker

Test AUC 95% Cl P value N with and without
CSPH

Spleen cTy 0.7362 | 0.563-0.9093 0.02 14 vs 31
Spleen T 0.7385 | 0.5742-0.9027 0.01 14 vs 31
Liver cT1 0.5762 | 0.3988-0.7536 ns 14 vs 30
Spleen length 0.4793 | 0.2902-0.6683 ns 14 vs 31
Platelets 0.5288 | 0.3466-0.711 ns 14 vs 31
PTT 0.7759 | 0.6228-0.9289 0.02 13 vs 29
Bilirubin 0.6286 | 0.4494-0.8078 ns 14 vs 30
GGT 0.565 0.2348-0.8952 ns 5vs 20
ALT 0.5795 | 0.4109-0.7481 ns 14 vs 31
Hb 0.7143 | 0.5487-0.8798 0.02 14 vs 31
ALP 0.6118 | 0.4306-0.793 ns 14 vs 31
Albumin 0.5092 | 0.3283-0.6901 ns 14 vs 30
Creatinine 0.5806 | 0.4128-0.7485 ns 14 vs 31
HVPG 0.4833 | 0.2848-0.6819 ns 14 vs 30

Multivariate analysis of MR parameters only, for assessment of all HVPG thresholds and
episodes of variceal bleeding
Combinations of liver cT1 and spleen cT1 could not predict HVPG > 10 mmHg (AUC 0.7264;

95% Cl: 0.5649-0.8878, n = 37 vs 8, p = ns), but could predict HVPG > 12 mmHg with AUC
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0.7186 (95% Cl: 0.5641-0.8732, n = 26 vs 19, p = 0.03), HVPG > 16 mmHg with AUC 0.7449
(95% Cl: 0.5668-0.9321, n =12 vs 33, p = 0.03) and variceal bleeding with AUC 0.739 (95% ClI:

0.5702-0.9076, n =30 vs 14, p = 0.01).

Combinations of spleen length and spleen cT1 predicted HVPG > 10 mmHg with AUC 0.7434
(95% Cl: 0.5413-0.9455,n =38 vs 8, p =0.02), could not predict HYPG > 12 mmHg (AUC 0.5478;
95% Cl: 0.36-0.7355, n =27 vs 19, p = ns) or HVPG > 16 mmHg (AUC 0.6569; 95% Cl: 0.4797-
0.834, n = 12 vs 34, p = ns) and could predict variceal bleeding with AUC 0.7327 (95% Cl:

0.5566-0.9089, n = 31 vs 14, p = 0.01).

Combinations of spleen length and liver cT1 predicted HVPG > 10 mmHg with AUC 0.7973
(95% Cl: 0.6183-0.9763, n =37 vs 8, p = 0.01), HVPG > 12 mmHg with AUC 0.7146 (95% Cl:
0.5573-0.8719, n = 26 vs 19, p = 0.02), HVPG > 16 mmHg with AUC 0.6995 (95% Cl: 0.516-
0.883, n =12 vs 33, p =0.04) but could not predict variceal bleeding with AUC 0.5786 (95% Cl:

0.4044-0.7527,n =30 vs 14, p = ns).

Using spleen Ti in place of spleen cT; yielded similar results for the above multivariate

analysis, data not shown for brevity.

Excluding those on beta-blocker treatment

When including only the patients on beta-blockers (n=19), spleen cT1 performed excellently
in identifying patients who went on to have variceal bleeds 0.9688 (95% Cl: 0.898-1, p < 0.01)
in 16 without vs 4 with episodes of bleeding. No other biomarker on univariate analysis

performed as well (spleen T1 0.9531 (95% Cl: 0.8563-1, p < 0.01)), data not shown.

However, in this subgroup, performance of spleen for prediction of CSPH was not improved

in comparison to the whole cohort (Table 24). Combinations of markers with so few patients
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were decided against as there was significant likelihood the models may overfit, with the
univariate AUCs all being non-significant and having large confidence intervals (Table 24).

These results should therefore be taken with caution.

Table 24: Prediction of clinically significant portal hypertension (CSPH) by biomarker including only
patients on beta-blocker treatment.

Test AUC 95% ClI P value n with and
without CSPH
Spleen cTy 0.6019 0.145-1 NS 18 vs 3
Spleen T 0.463 0-0.9578 NS 18 vs 3
Liver cT: 0.549 0.3086-0.7894 NS 17 vs 3
Spleen length 0.5463 0.03221-1 NS 18 vs 3
Platelets 0.5 0-1 NS 18 vs 8
PT 0.5556 0.2595-0.8516 NS 18 vs 3
Bilirubin 0.6667 0.1135-1 NS 18 vs 3
GGT 0.6364 0.3151-0.9576 NS 11vs?2
INR 0.5455 0.01423-1 NS 11vs3
Urea 0.9259 0.7665-1 NS 18 vs 3
AST 0.713 0.3093-1 NS 18 vs 3
Hb 0.6111 0.3734-0.8488 NS 18 vs 3
ALP 0.537 0-1 NS 18 vs 3
Albumin 0.6296 0.1579-1 NS 18 vs 3
Creatinine 0.7963 0.5396-1 NS 18 vs 3

Exclusion of patients with NCPH

When excluding those with NCPH, the correlation between spleen cT1 and HVPG was r =-0.11
(p = 0.52); and between spleen T1 and HVPG was r = -0.18 (p = 0.28). Neither spleen cT1 nor
T1 were able to predict CSPH with any great degree of accuracy (AUCs 0.5766 and 0.6929

respectively, T1 data not shown for brevity). A summary of the results from the exclusion of
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the 7 patients with NCPH is detailed below. There were 37 patients with HVPG > 10 mmHg vs
3 with < 10 mmHg. There was no significant differences in results in comparison to the whole
cohort, except liver cT1 performed better for diagnosis of CSPH (HVPG > 10 mmHg) in this
subgroup (AUC 0.82, Table 25). In particular the combination of liver cT1 and bilirubin on

logistic regression yielded an AUC of 0.92 (p = 0.05) for HVPG > 10 mmHg.

The subgroup of patients on NSBB were exactly the same as in the full cohort, therefore with
identical prognostic value of spleen cT1 for variceal bleeding as described above. HVPG was
unable to predict future episodes of variceal bleeding in this subgroup of patients (AUC: 0.64,

95% Cl: 0.24-1.00, p = 0.4).

191



Table 25: Summary of diagnostic and prognostic accuracy of non-invasive tests excluding patients
with NCPH.

Test AUC 95% Cl P value N with and
without
HVPG = 10 mmHg
Univariate analysis
Liver cTy 0.8148 0.64-0.99 0.073 36vs3
Spleen cT1 0.5766 0.39-0.79 0.601 37vs3
Bilirubin 0.8716 0.73-1.00 0.080 37 vs?2
Multivariate analysis
Liver cT1 + bilirubin 0.9167 0.82-1.00 0.049 36vs?2
Liver cT1 + spleen cT1 | 0.8241 0.70-0.96 0.058 36vs3

HVPG > 12 mmHg

Univariate analysis

Liver cTy 0.7160 0.53-0.90 0.030 26 vs 13
Spleen cT: 0.4986 0.33-0.71 0.874 27 vs 13
Bilirubin 0.7577 0.58-0.94 0.011 27 vs 12
Platelets 0.6453 0.43-0.86 0.141 27 vs 13
Multivariate analysis

Liver cT1 + platelets | 0.7426 0.57-0.91 0.016 26 vs 13
Liver cT1 + bilirubin 0.6987 0.51-0.89 0.041 26 vs 12
Liver cT1 + spleen cT1 | 0.7189 0.53-0.90 0.045 26 vs 13

HVPG > 16 mmHg

Univariate analysis

Liver cTy 0.7284 0.57-0.89 0.020 12 vs 27
Spleen cT; 0.5923 0.39-0.80 0.360 12 vs 28
Bilirubin 0.7284 0.57-0.98 0.024 12 vs 27
Platelets 0.6429 0.47-0.82 0.157 12 vs 28
Multivariable

analysis

Liver cT1 + bilirubin 0.7147 0.54-0.89 0.059 12 vs 26
Liver cT1 + platelets | 0.7222 0.55-0.89 0.047 12 vs 27
Liver cT1 + spleen cT1 | 0.7438 0.56-0.93 0.044 12 vs 27

Future episodes of variceal bleeding

Univariate analysis

Liver cT 0.5741 0.39-0.76 0.465 12 vs 27
Spleen cT1 0.7173 0.54-0.90 0.031 12 vs 28
PTT 0.7325 0.56-0.90 0.027 11 vs 26
Haemoglobin (Hb) 0.7396 0.57-0.91 0.018 12 vs 28
Multivariable

analysis

Spleen cT1 + Hb 0.7679 0.59-0.94 0.012 12 vs 28
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5.4.5 Discussion

HVPG correlated with liver cT1, but not spleen cT1. Combinations of liver cTi, bilirubin and
platelet count performed best for discrimination of severity of CSPH but had wide 95% Cls.
Spleen cT1 performed excellently for the prediction of variceal bleeding in patients on NSBB,

with no combination of variables on logistic regression improving the performance.

It is not immediately clear the reason for the poor diagnostic ability or lack of correlation with
HVPG shown by spleen cT1 in this study. The spleen has been shown to be an important organ
in the pathophysiology of PH and it has been reported in another study of 30 patients with
NAFLD, ArLD and autoimmune liver disease that, although spleen T1 correlated overall with
HVPG (r = 0.40, p = 0.028), the relationship did not hold in patients with HVPG above 10
mmHg*’. In this cohort from SGH 38/46 (83%) of patients had HVPG > 10 mmHg, potentially
skewing our results unfavourably. Nevertheless, the lack of correlation of spleen cT1 with
HVPG was surprising given the widely held assumption that spleen measurements, in some

form or other show fairly consistent relationships with increasing portal pressure.

On closer inspection, | examined the ability of the HVPG itself for the prediction of future
episodes of variceal bleeding, returning an AUC of 0.48, indicating poor prognostic ability. This
result casts doubt on the utility of comparing our MR measures against the HVPG
measurements made during this study, as HVPG should be the gold-standard diagnostic
measure of these complications of PH. However, this centre has previously published on a
standardised protocol, which is also used here for HVYPG measurement3®® and the senior

investigator has considerable experience in this field.
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This study included a group of 7 patients with non-cirrhotic portal hypertension (NCPH) who
presented with clinical features of PH. (All patients underwent liver biopsy, confirming
absence of histological cirrhosis). The median HVPG in this subset of patients was only 4
mmHg (IQR 3-11 mmHg). Patients with pre-hepatic NCPH often present with normal or only
mildly elevated HVPG levels, regardless of severity of their disease, underestimating the true
portal pressure. This is because the HVPG is an accurate measure of cirrhosis-related PH (as
it is a good reflection of sinusoidal pressure), but not necessarily PH caused by pre-sinusoidal
factors. HVPG does not necessarily predict clinical outcomes in patients with NCPH as it does
in patients with cirrhotic PH. This was recently shown by follow up over 3.6 years in a cohort
of 53 patients with NCPH319, in which the authors questioned the utility of HVPG in these
patients. As a result, there is an under-representation of ‘true normal’ HVPG values in this
cohort. This could have therefore affected the accuracy of the HVPG measurements as
mentioned in the previous paragraph. However, when excluding those with NCPH there was
still no significant correlation between spleen cT1 and HVPG, a caveat being that only 3/37
remaining patients had HVPG < 10 mmHg, significantly reducing the range of HVPG values.
This is likely to have negatively impacted on the correlation between spleen T, especially at

117 and spleen TE*® to correlate better with

the lower end; since studies have shown spleen T
HVPG at the lower end of the spectrum, and worse or not at all at higher HVPG values. This is
also a contrasting aspect of the patient cohort when compared to the OCMR patients, which
had even groups of HVPG < 10 and > 10 mmHg and contained only one patient with NCPH.

The only other major difference between this study and the OCMR study was the ethnicities

of the cohort, since the main aetiologies were similar (NAFLD/NASH, viral hepatitis and ArLD).
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When subgroup analysis was performed excluding those with NCPH, overall results did not
change significantly except for increased diagnostic performance of liver cT1 for CSPH. This
makes sense, as now the only cause of PH in these patients was related to cirrhosis/advanced

fibrosis.

It was initially thought that poor quality MR scans could have been affecting spleen cT1’s
correlation with HVPG, but all these scans were passed through a quality control process by
PD as part of its LiverMultiScan™ service. The iron correction did not significantly alter spleen
T1’s ability to prognosticate, (even though it did significantly alter the absolute values due to
the linearity of the field strength correction), with similar statistics for all results obtained

with cTy, similarly to Section 1.

The surprising lack of correlation between spleen ¢T1 and HVPG may be explained by the
hypothesis that there may be an upper limit for which spleen cT1/T1 remains corelated to
portal pressure. After a certain point, it may be that compensatory effects such as opening of
of collateral vessels halts the increasing resistance to flow from the gut. This may cause the
cT1 to plateau off. This combined with the very low proportion of patients with HVPG < 10
mmHg may have significantly affected any correlation. At high spleen cT1/T, it is also possible
that blood cT1/T1 values begin to overlap and therefore it is not possible to obtain longer

CT1/T1 values above a certain limit.

When including only the patients on NSBB, neither spleen cT1 nor T1 improved their diagnostic
statistics except in their excellent ability to discriminate future episodes of variceal bleeding,
a serious complication of PH that can lead to death. However, this was in a small cohort (n =

19) with skewed groups (4 vs 16), so must be validated further.
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Liver cT;1 correlated moderately with HVPG measurements, which has been shown to be the
case with liver stiffness measured by TE* and MRE® and also liver T:!'7; liver cT; also
performed better than spleen cT1 and T1 in the discrimination of severities of PH < 12 mmHg,
again indicating as in section 1 that it may have a role to play in the diagnosis of CSPH,
probably more so in patients with cirrhosis-related PH. Bilirubin and platelet count however
performed similarly in classifying those with CSPH, are currently utilised in clinical practice,
and are cheaper. Combinations of these and liver cT1 performed best for predicting severity
of PH, but the AUCs had large 95% Cls and must be taken with caution. Furthermore, the
increase in diagnostic accuracy from the individual biomarker’s accuracies was very small,
except in the case of liver cT1 + bilirubin prediction of CSPH (AUC 0.92) in the subgroup

excluding those with NCPH.

Spleen cT1 however was shown to be a good predictor of future episodes of variceal bleeding,
both in the whole cohort (0.7362 (95%Cl:0.563-0.9093)), and especially when including those
patients on NSBB treatment (0.9688 (95% Cl: 0.898-1). Variceal haemorrhage is an extremely
serious consequence of PH and can lead to death; spleen cT1 may be able to identify patients

who would fail primary prophylaxis for variceal bleeding.

When we included those patients on NSBB, the results of ROC analysis for classification of
patients with HVPG > 10mmHg contained very large 95% confidence intervals, and so any of

the results produced should be taken with caution.

Spleen cT1 has not shown to correlate with HVPG in this study but may be due to the skewed
proportions of the cohort with NCPH and very few with HVPG < 10 mmHg. However, even

when excluding those patients with NCPH, the results did not improve. Spleen cT1 has shown
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utility in predicting future episodes of variceal bleeding, especially in patients on NSBB

treatment, and still remains a potentially useful tool that requires further investigation.
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Chapter 6. T: and cT; of abdominal organs for
the assessment of portal hypertension in a
paediatric population of autoimmune liver

disease
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The work in this Chapter has been accepted as a paper in:

Dillman J, Tkach J, Ganghi D, Singh R, Jayaswal A, Miethke A, Trout A. Relationship between
Magnetic Resonance Imaging Spleen Ti Relaxation and Other Radiologic and Clinical

Biomarkers of Liver Fibrosis in Children and Young Adults with Autoimmune Liver Disease.
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6.1 Abstract

Background & Aims: Chronic liver disease (CLD) can lead to portal hypertension (PH), which
is associated with development of varices and hepatic decompensation. Non-invasive
markers of the spleen and liver have been shown to be associated with PH and liver and
spleen cT1 have had varying success in diagnosing portal hypertension in adult cohorts. For
T1/cT1 to be of clinical utility it is preferable that is can diagnose PH accurately in
children/young adults also. We therefore aimed to assess spleen T1/cT1 and liver cT; for the

assessment of PH in a paediatric population.

Patients & Methods: Paediatric patients with autoimmune liver diseases (AILD) and
radiological assessment of PH were recruited from Cincinnati. They underwent imaging and
clinical assessments. The primary aim was diagnosis of clinically significant PH (CSPH) defined

by radiological evidence (including ascites, varices, splenomegaly) of PH.

Results: Spleen cT1 was able to predict presence of CSPH with AUC 0.81, with spleen and liver

cT1 on logistic regression able to predict CSPH with AUC 0.92.

Conclusions: T1/cT1 mapping of the liver and spleen can diagnose portal hypertension in

patients with autoimmune liver disease.
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6.2 Introduction

To maximise the potential utility of splenic T1 or cT1 to assess PH it needs to be assessed in a
paediatric setting in addition to the adult population. Changes in specifics such as hormone
levels and cell growth as well as general lifestyle all occur in the transition from childhood,
through adolescence and into adulthood. It has been shown that, although smaller than that
of adults in absolute terms, the size of the spleen increases with age in children until
adulthood3!!. There may therefore also be differences between spleen T1/cT: in adults vs

children, which may need to be taken into account in clinical application of spleen T1/cT;.

The main aetiologies of CLD are different in children than adults. In the UK, ArLD, viral
hepatitis and NAFLD are the three main causes of adult CLD, followed by autoimmune liver
disease (AILD) and biliary diseases. Paediatric liver disease includes biliary atresia, familial
intrahepatic cholestasis, metabolic liver disease, AILD and others. AILD therefore, is amongst
the numerous causes of CLD in both children/young adults and an adult setting. AILD includes
primary sclerosing cholangitis (PSC), autoimmune hepatitis (AIH) and autoimmune sclerosing
cholangitis (ASC). In PSC, where autoimmune injury affects the intra and extrahepatic medium
sized bile ducts; this can cause multifocal bile duct stricturing and cause concentric and
obliterative fibrosis. AIH on the other hand affects the hepatocytes causing interface
hepatitis. ASC encompasses characteristics from both PSC and AIH. These can cause

development of fibrosis, cirrhosis and subsequently PH.

Diagnosis of PH can be confirmed by radiological evidence of splenomegaly, varices or ascites.

This method lacks a quantitative continuous variable like HVPG against which to assess
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severity of disease, limiting the comparison of any non-invasive diagnostic tool to

classification of a binary outcome, but still assesses a clinically important endpoint.

Initial published data from this cohort had shown liver cT1 to be able to predict the presence
of PH as defined by radiological assessment with an AUC of 0.86 (95% Cl: 0.75-0.97)3'2. Spleen
T1 and cT1 had not been assessed as part of this original study, but | was invited to perform
the blinded image analysis for the quantification of spleen T1/cT1 as part of an additional

collaboration between Cincinnati Children’s hospital (CCH) and PD.

6.3 Aims

The aims of this section were to:

1. assess spleen T1 and cT1’s ability to classify those with radiological evidence of PH in
a population of children and young adults.
2. assess liver cT1’s ability to classify those with evidence of PH

3. assess linear combinations of liver cT1 and spleen T1/cT1
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6.4 Methods®

Patient selection

Children and young adults with AILD were enrolled in a prospective registry at the Center for
Autoimmune Liver Disease at CCH. Children and young adults (ages 0-25) with a diagnosis of
AILD (PSC, AIH and ASC) were approached to enrol in the registry, starting in autumn 2016.
The registry allows for the collection of pertinent radiologic, histopathologic, clinical,
laboratory and demographic data. Two radiologists (9 and 5 years of post-fellowship
experience respectively) reviewed coronal and axial T;-weighted anatomical images
separately to document the presence of splenomegaly, varices and ascites. Reviewing
radiologists knew patients had a diagnosis of AILD but were blinded to specific diagnoses as
well as all clinical, laboratory and quantitative MRI data. Consensus review was used to
manage any discrepancies. Splenomegaly was defined as craniocaudal splenic length that was
more than two standard deviations above the mean length for participant age and gender3'3.
For participants older than 17 years, the 17-year-old mean age and standard deviation was
used. Varices were defined as visible portosystemic collateral vessels. Ascites were defined as
any volume of free fluid in the peritoneal cavity, including adjacent to the liver or spleen. A

diagnosis of radiologic PH was defined as the presence of any of the following:

(1) varices alone; (2) splenomegaly and ascites; (3) splenomegaly and varices; or (4)

splenomegaly, ascites and varices.

4 Methods section is the same as published by Dillman et al.3*2 — | did not contribute to this — | only contributed
to the image analysis for the spleen cT1 values. The text is duplicated for maximum accuracy and background
information — | do not claim it as my own work.
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MR protocol

As part of participation in this registry, participants underwent multiparametric MRI
assessment at 1.5T (Ingenia, Philips Healthcare, Best, Netherlands). For T1 mapping, a MOLLI
5(1)1(1)1 acquisition scheme was used with the following parameters: TR/TE=4.76/2.36 ms,
flip angle=35°, FOV=440 mm, matrix=192x192, section thickness=8 mm, slice gap=7 mm, half
Fourier=0.75, acceleration=2, receiver bandwidth=312 Hz/pixel, and number of averages=1.
A multi-echo gradient echo (GRE) sequence was used (TE = 2.37-18.96 ms) to acquire Tx*
maps. All MR images were analysed by me as described in Chapter 2, blinded to the clinical

data. Example images shown in Figure 33.

Statistical analysis

Boxplots comparing spleen T1/cT1 between patients with and without PH were generated.
Comparisons were carried out using the Wilcoxon non-parametric test. Tests for correlations
were performed using the Spearman’s rank correlation coefficient. ROC analysis was carried
out for the prediction of radiological PH and varices. Best cut-offs using the Youden index

(best combination of sensitivity and specificity) were calculated for spleen T1/cTa.

Logistic regression of liver cT; and spleen T1/cT1 was performed for prediction of PH. No
analysis comparing MRI parameters to clinical data or combining clinical data in a logistic
regression model was possible since the study was ongoing and full unblinding could not take

place yet.

Liver cT1 had already been assessed in univariate analysis by Dillman et al*'?, so was not

repeated here. Liver stiffness measurements were assessed by MRE but data sharing of the
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MRE results was not covered by the agreement between CCH and Perspectum, therefore

stiffness measurements were unavailable for this Chapter.

6.5 Results
40 patients were recruited, of which all had paired MR data and radiological diagnoses of PH.
Patients were of median (IQR) age 16 (13-17), 21 (53%) were male, and autoimmune hepatitis

(AIH), primary sclerosing cholangitis (PSC) autoimmune sclerosing cholangitis (ASC) were

present in 19 (47.5%), 7 (17.5%) and 11 (27.5%) respectively. Full data described in Table 26.

Table 26: Baseline characteristics (CCH)

Disease aetiology

N =40
Autoimmune hepatitis, n, (%) 19 (47.5)
Primary sclerosing cholangitis, n, (%) 7 (17.5)
Autoimmune sclerosing cholangitis, n, (%) 11 (27.5)
Other*, n (%) 3(7.5)

Demographics

Age, median (IQR) 16.2 (13.0-17.3)
Male sex, n (%) 21 (53)
Time since diagnosis (years), median, (IQR) 2.9
Alanine aminotransferase (U/L), median (IQR) 48 (25.5-74.5)
Aspartate aminotransferase (U/L), median (IQR) 31(19.8-54.5)
Albumin, mean * standard deviation 3.77 £0.55
Alkaline phosphatase, median (IQR) 164 (89-258)
Gamma-glutamyl transferase, median (IQR) 42 (17-196)
Platelet count (x 10°/L), median (IQR) 247 (113-299)
Presence of varices, n (%) 11 (27.5)
Presence of ascites, n (%) 11 (27.5)
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Radiological evidence of PH, n (%) 12 (30)

*|gG4 = 1, choledochal cyst = 1, undetermined = 1

Spleen T1/cTy in patients with and without PH

Spleen cT1 was higher in patients with PH than in those without (1478 ms vs 1401 ms, p =
0.0014, n = 12 vs 28, Figure 34), higher in those with splenomegaly and ascites than those
without (1483 msvs 1402 ms, n =11 vs 29, p =0.0011), and higher in those with splenomegaly
and varices than those without (1483 ms vs 1402 ms, n = 11 vs 29, p = 0.0011). Exactly the
same patients had varices as had ascites. Spleen T1 was higher in patients with PH than in
those without (1205 ms vs 1124 ms, p = 0.0014, n = 12 vs 28, Figure 34), higher in those with

splenomegaly and ascites than those without (1211 msvs 1125 ms, n =11 vs 29, p = 0.0011).

Spleen T1/cTifor classification of PH

Spleen cT1 could predict presence of PH with AUC 0.8125 (95% Cl: 0.6515-0.9735) (n = 12 with
and n = 28 without PH, Figure 35). Identical results were obtained for spleen T1 AUC: 0.8125
(95% Cl: 0.6515-0.9735). The best cut-off (Youden index) was 1488 and 1216 ms respectively

with identical sensitivity 58%, specificity 100%, PPV 100% and NPV 88% for both.

Spleen T1/cTs for classification of varices
Spleen cT1 could predict presence of varices with AUC 0.8245 (95% Cl: 0.6531-0.9958), (n =
11 with and n = 29 without). The best cut-off was also 1488 ms with sensitivity 64%, specificity

62%, PPV 100% and NPV 90%. Identical results were obtained for spleen T1 with cut-off 1216.
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Liver and spleen cT1 by aetiology

Liver cT1 was significantly higher in patients with AIH as compared to those with PSC (p = 0.05,

Figure 32A). There were no significant differences between the other aetiologies. There were

no significant differences observed in spleen cT1 (or T1) between any aetiologies (Figure 32B).
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Figure 32: Boxplots showing liver and spleen cT; by disease aetiology. A) Liver cT; in AlH, ASC and

PSC B) Spleen cT; values in AlIH, ASC and PSC. * denotes p < 0.05

Logistic regression of liver and spleen MR

Liver and spleen cT1 were moderately correlated (R = 0.43, p = 0.0065, data not shown).

When assessed in a logistic regression model, liver cT1 and spleen cT1 could predict PH with

AUC 0.932 (95% Cl: 0.8518-1) and liver cT1 and spleen T1 could predict PH with AUC 0.926

(95%Cl: 0.8426 — 1, data not shown).
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Spleen T>* values

Spleen T,* values ranged from 35.6-106.4. This is a broad range with a very high average but
is unlikely to be indicating abnormally low levels of liver iron. R-squared average value was
0.905, well below the expected 0.95 level. In this particular study, since the T,* values were
so high, they would not have brought the effects of the iron correction into play in
transforming T1 to cTi. Rather the only adjustment would be the (almost linear)
standardisation for field strength — this is the reason why the diagnostic accuracy for spleen

T1 and cT; are almost identical.

A) B)
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Figure 33: Example abdominal cT; images of paediatric patients with PH and without PH. A) Patient
(7yrs old) has ASC with spleen cT; of 1566 ms, spleen T; 1301 ms and liver cT; of 1003 ms B) Patients
(18 yrs old) has PSC with spleen cT; of 1416 ms and liver cT; of 852 ms.

208



wE

1300-

1200 -
- n=12
E
=
@ 28
@ n=
= 1100-
[Ty}

1000 -

.
Without PHT With PHT
Presence of portal hypertension
vk

1600 -

1500 -
- ‘ n=12
E
=
: 1400 - n=238
Q
z
' ‘
W

1300-

]
1200 - , ,
Without PHT With PHT

Presence of portal hypertension

Figure 34: Boxplots to show differences in spleen cT; and T; in patients with and without radiological evidence of
portal hypertension. This was a paediatric population with autoimmune liver disease. Radiological evidence of portal
hypertension was based on presence of (1) varices alone; (2) splenomegaly and ascites; (3) splenomegaly and varices;
or (4) splenomegaly, ascites and varices. ** denotes p < 0.01.

209



1.001

501

Sensitivity

(.25 1

(.00 1

0.00 0.25 0.50 0.75 1.00
1 - Specificity

Figure 35: Receiver operating curve (ROC) for the assessment of portal hypertension (PH) by spleen cT;. Population
was a paediatric population of biliary disease (n = 40, 12 with PHT, 28 without PHT). AUC 0.8125 (95% Cl: 0.6515-
0.9735).
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6.6 Discussion

Spleen cT1 has shown good accuracy (AUC 0.81) for the prediction of PH as assessed by
radiological means, and logistic regression of the two showed excellent diagnostic accuracy
(AUC: 0.93). Multiple studies have assessed liver and spleen stiffness for presence of varices
using MRE, TE and ARFI, but other than this work, there is a lack of literature in the assessment

of paediatric PH using non-invasive methods against HVPG.

The mean time after diagnosis was 2.9 years at MRl assessment. It would be of interest to see
whether imaging earlier in the timeline after disease diagnosis can yield an earlier diagnosis

of PH and therefore better inform patient management.

In the same study liver and spleen stiffness by magnetic resonance elastography (MRE)
performed exceptionally well for the prediction of radiological PH with AUCs of 0.98 and 0.96
respectively. This is at odds with the current literature which reports more modest
performances for organ stiffness by TE, MRE and point shear wave elastography (p-SWE) for
assessment of PH. There are few other studies examining abdominal non-invasive methods
measuring splenic inflammation/fibrosis/congestion for assessment of PH in children/young
adults, but in a paediatric cohort of 22 patients with biliary atresia having undergone Kasai
operations, splenic MRE values (but not liver MRE values) were significantly different in those
with and without clinical diagnosis of PH, with/without presence of varices, and could predict
presence of gastroesophageal varices with AUC 0.844. However, a low APRI cut-off (0.65) was
able to predict varices with the same AUC!!, Another study investigating TE of the liver and
spleen showed spleen stiffness to have an AUC of 0.87 for detection of varices in 51 children
with biliary atresia, with a specificity of 93% if both liver and spleen stiffness best performing
cut-offs were combined3!. In an observational cohort study of 67 children selected for
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endoscopy, spleen stiffness assessed by TE had AUC 0.92 for clinically significant varices3%.

Ozkan et al.3%® assessed p-SWE in 38 healthy children and 56 paediatric patients with biopsy-
proven liver disease. All underwent splenic and liver SWE, with reliable measurements of
splenic stiffness found in 76/94 (81%). This study however found liver stiffness to have a
higher AUC for prediction of PH than splenic stiffness (0.906 vs 0.746, p = 0.024). Two-
dimension SWE (2D-SWE) of the spleen was assessed against liver stiffness, APRI score, spleen
diameter in 34 children with biliary atresia. Spleen stiffness had the highest AUC (0.900 with

sensitivity 93% and specificity 90%.

It is unclear why MRE performs so accurately in the cohort we have described here, but it may
be due to the different disease aetiology in our study, as most of the other studies
summarised here have been in children with biliary atresia specifically. Further work with
larger numbers in different centres is therefore needed to yield more robust MRE and MRI

results.

Liver cT1 also performed better than spleen cT; for the same classification with AUC 0.86 vs
0.81 (although the 95% Cls overlapped significantly) and was moderately correlated with
spleen cT3, indicating that the two tests may have similar diagnostic ability in paediatric AILD-
related PH. However, when combined in a logistic regression model they were able to classify
those with PH with AUC 0.93. This could be due to a significant contribution to PH from both
interface hepatitis due to AIH manifesting as raised liver cT1 as well as periductal fibrosis from
PSC that may have more of an effect on the splenic cT; values than liver cT; values. This
highlights the utility of being able to obtain both liver and spleen measurements in a single
scan, unlike MRE and TE which require manual application of the driver/probe to the different

organ of interest.
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The range of spleen cT1 values in patients with CSPH were noticeably higher in this paediatric
population than in either of the OCMR or SGH groups (CCH: 1426 + 72 ms, SGH 1357 =91 ms,
OCMR: 1277 £ 95 ms). This is an interesting finding, and further studies should be done to see

whether this holds across centres, countries and specific populations.

Spleen T1 values were significantly lower than cT1 values and correlated almost perfectly. This
is likely due to the high T,* values, which indicate low iron and therefore no iron-specific
correction, as well as the contribution from the field strength correction which is linear. The
lack of iron-correction algorithm being applied due to being out of the liver T1 range is likely
why there is such a large difference between the T1 and cT; values here. This is also partially

shown in Figure 33 and Chapter 8.

The spleen is one of the major organs of the lymphatic system and in children, the
constituents (white pulp vs red pulp) are of different proportions than in adulthood as the
immune system is generally more active in children. It has been shown that MR signal
intensity on T1-weighted imaging decreases and T,-weighted increases with changing ratio of
red pulp-to white pulp3'’. Another potentially contributing issue is that of disease aetiology.
This cohort was entirely AILD, and the OCMR and SGH cohorts were dominated by NAFLD,
ArLD and viral hepatitis. In patients with PSC and ASC, of which there were a significant
number in this cohort, the disease is focused around the ducts (periductal fibrosis) unlike in
diseases with more diffuse fibrosis (NAFLD, ArLD, viral hepatitis). This may have accounted

for the higher spleen values compared to the OCMR and SGH studies.

Splenomegaly is also a frequent symptom of PH and used in composite scores, and accurate

measures of spleen size can be obtained using MRI (as well other imaging methods). There
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are still significant levels of cell development at younger ages which can sometimes cause
certain organs to be relatively larger than in adulthood. Spleen size increases through
childhood3*® and some older children/young adults’ spleens exhibit larger size than grown
adults, especially in older age since it is reported spleen size diminishes in later life3%°. A larger
spleen would normally indicate risk of PH, but this variation associated with adolescence may

need to be taken into account in the setting of the radiological index test.

Patients had unusually high T,*; however, the R-squared values were also extremely low,
potentially resulting in poor fitting of the T>* relaxation curve. Regardless of the quality of the
T2* maps, this indicates no effect on the T1 values from the iron correction on the differences
in T1 and cT1. Rather the field strength standardisation is having the only effect, evident in the

almost identical diagnostic performance of T1 and cT; despite their differing absolute values.

Liver cT1 was higher in patients with AIH than in those with PSC, but spleen cT1 was no
different across all groups. As mentioned earlier AlH is characterised by interface hepatitis
and PSC is characterised by ‘onion-ring’ or periductal fibrosis. It is likely that localised, rather
than diffuse regions of fibrosis will result in lower overall liver cT1. The difference only just

reached significance, so further numbers are needed to validate this finding.

Our results for classification of presence of varices/ascites (AUC: 0.8125) have a good, if
slightly lower diagnostic accuracy here, but without the additional need for the hardware
associated with MRE, and without the high technical failure rates associated with spleen (and
liver) TE32°. However, the combination of spleen and liver cT1 performed best for diagnosis of
PH with an AUC of 0.932 (95% Cl: 0.8518-1), performing favourably to all the described

results.
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A major limitation of this study is that we have used a radiological reference standard and
compared it to a new radiological index test. If one is able to obtain the diagnosis of PH

through a separate scan, the utility of T1/cT1 may be reduced.
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Chapter 7. T; and cT; of abdominal organs’

summary for assessment of portal hypertension
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6.1 Summary

In this and the previous Chapter, through collaboration with partners in different countries
and in varying populations, by ethnicity, age and disease aetiology, we have investigated

further utility of spleen cT; for the assessment of PH.

For the discrimination of CSPH (Table 27), spleen cT1 performed well in the extended cohort
of varying CLD aetiologies from our centre (OCMR) and within a paediatric cohort of AILD
from CCH. However, spleen cT1 was unable to discriminate for presence of CSPH in a cohort
of mixed liver disease aetiologies from SGH but had excellent prognostic value in predicting

future episode of variceal bleeding in patients on NSBB treatment in the same cohort.

Table 27: Summary of diagnostic accuracy of abdominal T.1/cT; for PH

AUC 95% ClI P value

OCMR Spleen cT: 0.86 0.68-1.00 0.01
Spleen Ty 0.89 0.77-1.00 <0.01
Liver cT: 0.68 0.43-0.93 ns

SGH Spleen cT1 0.55 0.33-0.78 ns
Spleen Ty 0.53 0.27-0.78 ns
Liver cTy 0.71 0.55-0.88 ns

CCH Spleen cTy 0.81 0.65-0.97 <0.01
Liver cT 0.86 0.75-0.97 <0.01
Spleen + Liver cT1 0.93 0.85-1.00 <0.01

As a surrogate marker of PH, it would be desirable for spleen T1/cT; to be able to measure a
response to treatment as we showed liver cTy could in Chapter 4. In another study that we

collaborated on'%, liver and spleen T1 showed a varied response shown to treatment by
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NSBBs. Numerous trials using carvedilol either as primary or secondary prophylaxis for
variceal bleeding have shown mixed results, so the variable clinical efficacy of the NSBBs could
be a reason for the lack of response. Ideally to assess a response in spleen T1, one needs a
measurable response that is directly related to the HVPG, unlike heart rate response which is
not32l, A more suitable study would be to assess patients before and after undergoing
transjugular intrahepatic shunts (TIPS) procedures, thereby obtaining pre- and post- TIPS
portal pressure measurements and MRI. These studies should be carried out in multiple
centres with uniform HVPG and MRI protocol. Studies using 4D flow MRI have done this in
small cohorts, and other studies have shown decreases in spleen stiffness pre and post TIPS.
For example, in a pilot study by Guo et al'®, 10 patients with cirrhosis had MRE before and
after transjugular intrahepatic portosystemic shunt (TIPS) procedure, with HVPG also being
measured. The magnitude of the viscoelastic modulus decreased significantly after surgery in
both liver and spleen, but only the spleen modulus was correlated with relative change of

HVPG.

The fact that liver cT1 has either performed as well or better than spleen cT: for the
assessment of PH in the studies from SGH and CCH indicated that the two may be best used
in conjunction, for example liver cT1 on its own may be accurate enough to diagnose patients
with cirrhosis-related PH, but spleen cT1 may be a useful independent predictor in NCPH
(shown in one patient from OCMR dataset by Levick et al'®3) or in predicting those at risk of
variceal bleeding . Liver T1 was also shown to correlate with HVPG in 30 patients undergoing
portal pressure measurements (r = 0.835, p < 0.001)!Y. There is a strong argument for
combining liver and spleen measures, regardless of whether they are MR or TE-based. For
example, in the detection of oesophageal varices, combining the Baveno VI criteria with

spleen stiffness measurements (with a cut-off of spleen stiffness < 46 kPa) resulted in a spared
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endoscopy rate (SER) of 43.8% with <5% missed VNT rate>*. However, we must account for
the failure/unreliability rate of both liver TE, and the high rate of unsuccessful spleen TE
measurements (15—-20%)*’. This is a recurring theme over which MRI exhibits its greater
applicability. Many of the most utilised scores in hepatology are formed by utilising more
than one variable, and from the work in this thesis, combinations of liver cT1, spleen cT1 and

platelet count should be examined further.

PH is a complex pathophysiological problem with effects not only restricted to the liver-gut
axis. Corrections have been made to the liver T1 for excess iron, but we know that T also rises
with inflammation. In patients with systemic inflammation, liver and spleen T; values may be
artificially elevated, a confounding factor that we cannot yet correct for/separate. A
prospective study by Jansen et al.3?2 showed in 83 patients undergoing TIPS procedures that
despite a reduction in spleen stiffness in all patients after TIPS, 27 exhibited an increase in
liver stiffness. These patients who showed increased liver stiffness also showed higher overall
and/or hepatic venous levels of proinflammatory cytokines and worse survival after TIPS. This
is another example showing that spleen T1/cT1 alone may not be sufficient for assessment of

PH in all scenarios.

Studies should also investigate further confounding effects such as effect of immune response
on spleen T1 in the same way that iron and fat have been studied in the liver. If there is a way
of determining/quantifying the effect of immune response on the measured T1 that may be a
factor that is necessary to correct for or take into account as well. This could have implications

for patients who are ill and taking antibiotics or whose immune systems are under duress.
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Studies have shown both liver and spleen stiffness to be associated with severity of PH. A
study showed liver stiffness as assessed by MRE to be correlated with HYPG measurements
(r = 0.64, p = 0.01) in 15 adults with advanced liver disease caused by HCV, HCV/HIV or
HIV/NASH. In this study only 4/15 had HVPG > 10 mmHg®°. 3D multifrequency MRE is able to
decompose the viscoelastic parameters of the organ under observation into different
components, namely the stiffness, elasticity and viscosity. The multifrequency approach also
allows the generation of the frequency power law y, which represents the architectural
structure of the tissue. This technique was assessed in 36 patients with cirrhosis being
evaluated for liver transplantation and showed that the splenic loss modulus, which
represents the viscosity of the spleen, was best correlated with HVPG (r=0.57, p = 0.002) and
could identify those with severe PH (HVPG > 12 mmHg) with AUC = 0.81 and those with high-
risk varices with AUC = 0.93 but had a technical success rate of only 86%°*. Another study by
Shin et al.1% showed in 139 patients with liver cirrhosis screened for varices spleen stiffness
by MRE to correlate with grade of oesophageal varices, but failed in 17/156 (11%) of patients.
A similar study showed liver stiffness by MRE to have a good AUC for presence of varices AUC:

0.859 and high grade varices AUC: 0.810%°,

This summary shows that there are conflicting results relating to whether elevated spleen or
liver stiffness as assessed by MRE is best associated with HVPG values and clinical symptoms

of PH.

Liver and spleen stiffness assessed by TE is currently leading the way in the non-invasive
assessment of PH with excellent results for both prediction of CSPH and correlation with
HVPG values. In a review by Berzigotti*’, in 13 studies assessing liver TE correlations with

HVPG, 4 studies showed r > 0.8, 6 showed r between 0.7-0.8 and 3 showed r < 0.7. In the
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same review, 15 studies (2 in addition to the studies reporting correlation metrics) were
evaluated for diagnosis of CSPH. Eight studies had AUC > 0.9, the remaining 7 all having AUC
> 0.8; however, all these studies used varying cut-offs for definition of CSPH. One systematic
review and meta-analysis showed spleen stiffness to have summary correlation coefficient of
0.72 (95% Cl: 0.63-0.8) and summary AUC of 0.84 (0.72-0.92). Spleen stiffness has also been
used as an adjunct marker to liver stiffness for the detection of varices as mentioned above>*.
However, a criticism was that spleen stiffness values only reached 75 kPa, the same upper
limit for liver. Recently a new spleen stiffness probe has been developed®® and described in a
paper by Stefanescu et al.>® to increase the spared endoscopy rate when used in combination

with the Baveno VI criteria to 26.5%.

Nevertheless, TE still has high rates of failure, coefficients of variation?3° and unreliability
especially in NAFLD/NASH, and MRE signal is still degraded in patients with high iron, the
prevalence of which is considerable®. There is still therefore an unmet clinical for spleen

T1/cT1 to fulfil.

Spleen T1 has performed similarly to cT1 and on its own may end up being of utility, especially
if the liver-specific iron correction method is found not to perform accurately on possible
further validation and no alternative model is formulated (see Figure 33, Chapter 8).
Standardisation of T; to field strength and vendor would still be a powerful tool in this case.
Indeed, in a conference abstract presented by Christina Levick3?!, assessing non-invasive
methods of screening for varices, in 91 patients with compensated advanced CLD (cACLD),
endoscopies could be avoided in 66% of patients, missing no patients with VNTs if patients
had either spleen T1 < 1037ms or spleen diameter < 137 mm. By comparison, application of

the expanded Baveno criteria avoided endoscopies in 48% and missed 2 patients (5%) with
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VNTs. On their own both spleen T1 < 1037 and cT1 < 1252 were able to avoid 45% and 43% of
endoscopies missing no VNTs. However, a study by Wagner et al.1%?2 showed that liver stiffness
but not spleen stiffness assessed by MRE, spleen T1 or liver T1 was correlated with HVPG. In
this study, spleen stiffness was only successful in 27/33 patients (81%). In another paper by
Palaniyappan et al.'¥’, spleen T1 was correlated with HVPG (r = 0.4, p = 0.028) but above 10
mmHg specifically, the relationship was lost, the potential reasons for which we have briefly

discussed earlier.

Our results for spleen cT1 indicate spleen cT1 requires a stronger evidence base to be
considered as a promising biomarker due to the inconsistent results obtained in these three
studies. However, if the positive results from these studies can be replicated, it is worth
considering where in the clinical pathway abdominal multiparametric MRI might fall. As a
surrogate marker of PH specifically, it could be used in the assessment of patients with cACLD
as a screening test to avoid unnecessary biopsies/HVPGs and endoscopies and its diagnostic
accuracy could be complemented by simple blood tests such as platelet count. It could also
be used as routine follow-up in patients considered at-risk of decompensation as from our
results it may be able to predict those at future risk of variceal bleeding. For this, dedicated

high throughput imaging would be desirable, which could reduce associated costs.

It is likely that in order to gain the optimum results from spleen cTi, further work is required
on both validating the iron correction algorithm in the spleen and improving the T,*
variability. The former is difficult to do as there is rarely an availability of splenic histology due
to reasons for splenic explant other than splenic rupture (unsuitable for obvious reasons).
Technical improvement of the T,* variability is outside the scope of discussion in this project,

but the inherent susceptibility to motion of the GRE sequence used may be a limiting factor
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—another option may be to investigate an entirely different iron-quantification sequence such

as magnetic susceptibility weighting for example323,

We did not perform a meta-analysis of the three studies due to the heterogeneities of the
studies, (different endpoints, paediatric vs adult populations, proportion of NCPH patients),

but aim to compare aspects of these studies in the next Chapter.
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Chapter 8. Spleen T; and cT; in healthy

volunteers and the UK Biobank imaging study
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8.1 Abstract:

Background & Aims: To utilise spleen T1/cT1 as a surrogate biomarker of portal hypertension
(PH), a working normal range of T1/cT1 values is required and applicability in all populations
is desired. This Chapter aims to collate paired spleen T1/cT1 and demographic data in healthy

subjects to develop a ‘normal’ range and investigate variables that affect spleen T1/cT;.

Patients and Methods: Healthy volunteers recruited from OCMR and participants from the
United Kingdom Biobank (UKBB) underwent MRI for T1 and T>* mapping. Spleen T1 and cT:
were investigated for correlations with continuous demographic and clinical variables and for
differences in categorical variables. The healthy volunteers from this Chapter and the patient
data from Chapter 5 were collated and placed into three categories of increasing disease
severity (‘healthy’, ‘assessed for but without clinically significant PH (CSPH)’ and ‘with CSPH’).

Differences in both spleen T1 and cT1 between disease severity were assessed.

Results: Spleen cT1 had ranges of 1270 + 93 ms and 1325 + 61 ms in the OCMR healthy and
UKBB healthy cohort respectively. Spleen cT; increased with disease severity category (1325
vs 1343 vs 1415 ms, p < 0.001). Significantly higher spleen cT1 values were observed in women
vs men (UKBB cohort: 1336 vs 1304 ms, p < 0.0001 and OCMR cohort: 1307 vs 1206 ms, p <
0.0001) and in children vs adults assessed for PH (1426 vs 1363-1277 ms, p < 0.0001, (CCH vs
SGH-OCMR)). Spleen T1/cT1 correlated with liver cT1 in the OCMR cohort (r=0.61, p < 0.0001)

and in the UKBB (r = 0.23, p < 0.0001).

Conclusions: Spleen T1/cT: increases with disease severity, but differences in spleen T1/cT:1
are comparable to differences observed between men and women and between adults and

children. Further work is required to normalise/compensate for these differences.
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8.2 Introduction

Having built upon previous studies highlighting the utility of spleen T1/cT1 relaxometry in the
assessment of portal hypertension (PH)”1%3 it was shown in Chapter 5 that both spleen T
and cT; correlated well with the gold standard measure of PH (the hepatic venous pressure
gradient (HVPG)) in an adult cohort recruited from Oxford, but not in an independent adult
cohort recruited from Singapore. Spleen T1/cT:1 could identify the presence of PH assessed by
radiological means in a paediatric cohort (presence of splenomegaly, ascites and varices) and
predict future episodes of variceal bleeding in patients who had clinically indicated portal
pressure measurements. However, neither spleen T1 nor cT1 performed uniformly well across
the studies in Chapter 5, and as such can only be described as promising surrogate biomarker
of PH, similarly to magnetic resonance elastography (MRE) of the spleen which has also
reported variable results in the diagnosis of PH from the literature. These are early data and
refinement of the spleen T1/cT1 measurements may be required, as has been carried out for

liver cT1 since its inception.

In order to utilise spleen T1/cT1 as a surrogate biomarker of PH, it is necessary to establish a
working normal range of T1/cT1 values, in much the same way as has been done for liver cT118°.
The requirement for a range of normal values is important to ensure correct cut-offs can be
applied for accurate diagnostic and/or prognostic performance. Additionally, one needs to
ascertain whether this biomarker is applicable in all populations, and whether there are any

further variables affecting spleen T1/cT; that require consideration.

There is a paucity of data relating to ranges of ‘normal’ spleen T1 values in the literature. Liu
et al.3?* reported ranges of 1102 + 66 ms at 1.5T and 1352 + 114 at 3T in 22 healthy controls

in a study investigating the ‘splenic switch-off’ mechanism in a cardiac imaging study cohort.
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In another study, similar ranges were reported of 1057 + 42 ms at 1.5 T and 1328 + 31 ms at
3 T in 6 healthy volunteers3?>. Contrastingly Wagner et al.1%? reported 770 + 220 ms for
patients with HVPG < 5 mmHg. There is a clear requirement for more data to define a normal
range. In addition to this, there is a dependence on both the type of scanner/vendor and the
field strength at which imaging is performed. This dependence can introduce unwanted
variation to quantitative T1 mapping, making it difficult to compare scan results between sites
in clinical practice. It is therefore desirable to have some kind of standardisation, which cT1

can provide.

The UK Biobank (UKBB) population health study gathers information from 500,000 volunteers
to improve the prevention, diagnosis and treatment of diseases3?°. Perspectum Diagnostics
Ltd (PD) provides liver imaging analysis for the Imaging Enhancement subset of the UKBB,
which aims to recruit 100,000 subjects. Most of these images also provide a cross-sectional
image of the spleen, which allows measurement of spleen T1/cT1. The population base are
volunteers with no known serious illness, with an age range of 40-69 at enrolment. As a result,
the UKBB population cannot be considered representative of the general population as it
varies with a variety of sociodemographic, physical, lifestyle and health-related
characteristics. It has been shown to have a ‘healthy volunteer’ bias3?’, which although
making it unsuitable for calculating generalisable disease prevalence statistics, provides us
with a useful dataset for understanding spleen T1/cT1 in a healthy population. The 40-69 age
group was studied because it includes people at risk of developing some of the most
important diseases (cardiovascular disease, cancer, diabetes amongst others), but who are
not likely to not be affected by significant confounding factors associated with old age. This

however does restrict us from observing trends in younger participants.
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A cohort of healthy volunteers undergoing abdominal MRI was also recruited at our centre
previously by Dr Michael Pavlides that provided another dataset with a different range of ages
and characteristics. Data from OCMR was collected at 3T, whereas data from the UKBB was

collected at 1.5 T field strength; this allowed us to assess any differences between the two.

8.3 Aims

The specific aims of this chapter were to:

1) Establish a range of spleen T1/cT1 values in participants from the UKBB population
health study and investigate associations between spleen T1/cT1 and participant
characteristics.

2) Establish a range of spleen T1/cT1 values in healthy volunteers from our centre
(OCMR) and investigate associations between spleen T1/cT1 and volunteer
characteristics.

3) Compare established ‘normal values’ for spleen T1/cT1 from UKBB and OCMR with

populations at-risk of PH from cohorts introduced in Chapter 5.

The results from these three sections are discussed as a whole at the end of the chapter rather

than individually.
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8.4 Spleen Ty and cT; in the UKBB

8.4.1 Methods

Participant selection

Details of how participants were recruited, as well as techniques for blood sampling and
handling, health questionnaires etc. can be found in the UKBB Protocol3?2, This information
has not been detailed in this thesis for brevity. Briefly, participants were contacted via an
invitation letter to attend an assessment centre that is convenient to them. Participants were

targeted to be between 40 and 69 years of age.

MR protocol and analysis

T1 mapping: shMOLLI 5(1)1(1)1 sequence with scan parameters: Trigger delay set to 50 ms,
first Tl: 170 ms, with five increments of 50 ms each, TR = 4.8, TE: 1.93 ms, slice thickness 8.0
mm, flip angle: 35° and FOV: 440 x 330 mm?.

T,* mapping: GRE scan with parameters: TR: 27 ms, TEs: 2.38, 4.76, 7.14, 9.52, 11.90, 14.28,
16.66, 19.04, 21.42 and 23.80 ms, 6 mm slice thickness, GRAPPA acceleration factor 2, flip
angle 20° and 6°, FOV: 400 x 400 mm?.

Automated spleen segmentation analysis was developed by researchers from PD, which made
it feasible to obtain spleen T1 and cT1 values for a large number of participants. This technique
performed a 3D segmentation of a VIBE image to identify the spleen. This segmentation mask
was eroded slightly and mapped back onto the 2D MOLLI slices, from which spleen MR
parameters were measured using an automated system based on the manual segmentation

analysis technique described in Chapter 2.
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Quality control (QC) based exclusively on liver analysis was included in the initial data sift and
excluded images with artefacts and mis-triggering of the acquisition sequence. Data from
participants with liver volumes under 0.5 litres had already been excluded as they reported
volumes incorrectly, due to failed automated segmentations (from poor imaging data). The
same applies for spleen volumes under 0.012 litres. These volume thresholds were decided

by the analysts. The subsequent dataset could then be used for analysis in this Chapter.

Data acquisition from UKBB

As an investigator on Perspectum Diagnostics’ application (ID: 9914, Determining the
Outcomes of People with Liver Disease) to the UKBB, | was able to access and download
specific ‘baskets’ of data. Two datasets were downloaded: one containing patient
characteristics of a wide variety (details in statistical analysis) and another containing blood

biochemistry and full blood count results.

Statistical analysis

The participants were investigated for the ranges of MRI parameters including spleen T1 and

cT1. Correlations between spleen cTy, spleen T1, and liver cT1 were assessed.

Exploratory analysis for associations between spleen Ti/cT: and both continuous and
dichotomous/discrete variables was performed. Continuous variables included: aspartate
aminotransferase (AST), alanine aminotransferase (ALT), albumin, alkaline phosphatase
(ALP), c-reactive protein (CRP), creatinine, bilirubin, gamma-glutamyl transferase (GGT),
glucose, haemoglobin (Hb), oestradiol (in women only), red blood cell count, platelet count,
age, body mass index (BMI), hip circumference (HC), waist circumference (WC), height and

weight. Discrete/dichotomous variables included: BMI > 30 kg/m?, alcohol drinker status, sex,
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smoking status, medication for cholesterol, blood pressure or diabetes and for women > 52
years old (average age of menopause in the UK; this was assessed based on previous

observations at our centre that young women have higher spleen T1/cT1).

Correlations were assessed using the Spearman’s rank correlation coefficient, and differences
in dichotomous/discrete variables were analysed using the t-test (if normally distributed) or
the Wilcoxon non-parametric test (if non-normally distributed). Normally distributed
variables are presented as mean t standard deviation, non-normally distributed variables are
presented as median and interquartile range (IQR). Correlation plots and boxplots were
produced for results considered to be of clinical interest. The Bonferroni correction was

applied for multiple comparisons.

8.4.2 Results

After combining the imaging data, the blood results data and the participant characteristics
data, information was available on 12,230 participants. Firstly, images were excluded with
spleen Ti1 R-square value < 0.995, as recommended by PD for accurate fitting of the T
relaxation curve, removing 2,341 MR scans, leaving 9,889 valid scans. Scans with liver cT; >
825 ms were excluded, (as this corresponds to both significant fibroinflammation and would
not therefore count as a ‘healthy population’), removing 212 of those participants, leaving
9,677 participants. Scans with high liver fat (indicating fatty liver; > 5%, n = 1,837) and high
spleen fat readings (> 5%, n = 216) as there is very little fat in the spleen, were removed,
leaving 7,624 valid MR scans. Participants with unhealthy BMI defined as BMI > 25 kg/m?, (n
=3,074) were then excluded, leaving us with 4,550 valid scans. (At this point a subset of those

participants with and without obesity (BMI > 30 kg/m?) was created as well). Participants with
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abnormal spleen T,* levels (< 0.5 ms, n = 560) were then excluded, leaving 3,990 MRI scans

with paired UKBB data (Figure 36).
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12,230 participants
with paired MR and
demographics

R-square < 0.995 (n = 2,341)

Liver cT, > 825ms (n = 212)

Liver and spleen fat > 5% (n
= 1,837 + 216)

BMI > 25 kg/m2 (n = 3,074)

>

n=19,889
-
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=7,624
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-
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3,990 participants
with paired MRI and
demographics
eligible

Low T* (< 0.5 ms, n = 560)

Figure 36: Flow diagram describing selection of UKBB scans suitable for analysis.
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Spleen T1 had mean value 1037 + 59 ms and spleen cT1 had mean value 1342 + 62 ms and
median (IQR) value of 1337 (1288-1364 ms). Spleen T>* had median value 38 ms (25.5-51.8
ms). The distributions of spleen T1 and spleen cT1 were markedly different as shown in (Figure
37). This is perhaps explained by the ‘correction’ mapping from T1 to cT1 depicted in Figure
38. It appears that as well as the iron correction functioning within a certain T,* range, it also
only functions up until a maximum T threshold (the upper limit of expected liver T1), after

which only the linear standardisation for field strength mapping (from 1.5T to 3T) functions.

234



Freguency
100 200 300 400 500 600
|

D p—
| | | | | |
800 900 1000 1100 1200 1300

Spleen T1 (ms)

L]

S _ _

oo

Lo

D p—

o

Freguency
400
|

200
|

[ I I I | I I
1000 1100 1200 1300 1400 1500 1600

Spleen cT1 (ms)

Figure 37: Histograms of spleen T, and cT; distributions in the UK Biobank.
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Figure 38: Correlation between spleen T: and spleen cT; in the UKBB. Correlation coefficient R

calculated using the Spearman’s rank correlation coefficient.

Spleen MR parameters — correlation

Spleen T; correlated very weakly with liver cT1 (r=0.202, p = 2.9 x 1016, n = 3,990). Spleen cT1
correlated very weakly with liver ¢T1 (r=0.23, p = 2.2 x 108, n = 3,990). Spleen T; correlated
very strongly with spleen cT1 (r = 0.91, p < 2.2 x 106, n = 3,990, Figure 38). Spleen Tx*

correlated weakly with liver To* (r=0.14, p < 2.2 x 1076, n = 3,990).

There was no significant correlation between spleen T1/cT:1 and any of the following: ALP,
blood glucose, white cell count or oestradiol levels (in women) (Table 28) and hip

circumference (Table 29). There was no significant correlation between spleen cT1 and CRP.
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Table 28: Correlations between spleen T1/cT; and simple blood tests from UKBB

Spleen T Spleen cT1 Number
Correlation P value Correlation | P value of data
points

Albumin (g/L) -0.075 1.4x10° -0.065 0.00014 3369
Alkaline phosphatase | -0.016 0.3394 -0.016 0.3409 3699
(1U/L)
ALT (1U/L) -0.159 <2.2x1016 -0.142 <2.2x10'¢ | 3699
AST (1U/L) -0.106 <9.4x101 -0.088 < 7.7x101® | 3684
Bilirubin (umol) -0.158 <2.2x10 | -0.138 <2.2x10%6 | 3684
Creatinine (g/L) -0.225 <2.2x10%® | -0.197 <2.2x10% | 3698
CRP (mg/L) -0.059 0.0004 -0.039 0.017 3690
GGT (1U/L) -0.200 <2.2x1016 -0.160 <2.2x101¢ | 3699
Glucose (mmol/L) -0.016 0.347 0.0068 0.695 3368
Haemoglobin (g/L) -0.343 <2.2x10 | -0.310 <2.2x10°%6 | 3785
Oestradiol* (pmol/L) 0.070 0.047 0.044 0.210 803
Red blood cell count |-0.246 <2.2x10'® | -0.248 <2.2x10% | 3785
(x1012/L)
Platelet count (x10°/L) 0.103 < 2.3x1010 0.093 8.4x107 3785
White cell count (x10°/L) | -0.003 0.846 -0.004 0.802 3785

Abbreviations: ALT — alanine aminotransferase, AST — aspartate aminotransferase, CRP — C-reactive

protein, GGT — gamma-glutamyl transferase. *Oestradiol sampled in women only. Statistical

significance was set at 0.0038 (0.05 divided by 13) to correct for multiple comparisons.

Table 29: Correlations between spleen T1/cT: and continuous variables from UKBB

Spleen Tq Spleen cT1 Number
Correlation P value Correlation | P value of data
points
Age (years) -0.084 9.3x10® -0.051 0.0012 3990
BMI (kg/m?) -0.114 <6.0x10 | -0.099 <3.5x101° | 3985
Height (cm) -0.194 <2.2x10%* | -0.179 <2.2x1071 | 3985
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Weight (cm) -0.208 <2.2x10%® | -0.189 <2.2x101® | 3985
Waist circumference (cm) | -0.233 <2.2x10'® | -0.202 <2.2x10%% | 3986
Hip circumference (cm) -0.035 0.026 -0.035 0.028 3986
Spleen volume (litres) -0.135 <2.2x10%* | -0.116 1.8 x 1013 | 3990
Liver volume (litres) -0.090 1.35x10® | -0.096 1.2x10° | 3990

Abbreviations: BMI — body mass index. Statistical significance was set at 0.0083 (0.05 divided by 6) to

correct for multiple comparisons.

Weak (r £ |0.3|) correlations were observed between spleen Ti/cT: and all remaining
variables i.e. albumin, ALT, AST, bilirubin, creatinine, CRP, GGT, oestradiol, red blood cell
count, platelet count, white cell count, waist circumference, age, BMI, height, weight, WC,

HC, spleen and liver volume (details are provided in Table 28 and Table 29).

It is worth noting that is easy to obtain very low p values with numbers of participants as large
as we have in the UKBB and as such, whilst these correlations are statistically significant, given
the low correlation coefficients, they are probably not clinically meaningful. This also applies
to analysis of discrete/dichotomous variables i.e. there may be significant differences
between category even if the effect size is actually very small. These differences therefore

require putting in context relative to differences caused/associated with other variables.

Spleen MR parameters — association with dichotomous/discrete variables
Women had significantly higher spleen Ty, cT1, and T>* than men (1050 vs 1015 ms, p < 0.0001,
1336 vs 1304 ms, p < 0.0001 and 40.4 vs 36.6 ms respectively, p < 0.0001) as shown in Figure

39. Men had larger spleens by volume than women (0.16 vs 0.10 litres p < 0.0001).
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Figure 39: Difference in spleen T1/cT; in UKBB stratified by sex. A) Boxplot showing the difference in
spleen T, distribution stratified by sex. B) Boxplot showing the difference in spleen cT; distribution

stratified by sex. **** denotes p < 0.0001.

There were no differences in spleen Ti, cT1 or T2* across participants’ alcohol drinker status
(categories being: prefer not to answer (T1 = 1086, cT1 = 1370, T>* =40.7, n = 2), never (T1 =
1042, cT1 =1322, To* = 36.3, n = 107), previous drinker (T1 = 1035, cT1 = 1322, T>* =40.6, n =

75), current drinker (T1 = 1037, cT1 = 1324, T,* = 38.1, n = 3806).

Spleen T1 and cT1 but not T,* were significantly lower in the participants with liver cT; > 825
ms compared to those with liver cT1 <825 ms (T1: 1025 vs 1042 ms, cT1: 1322 vs 1337 ms, T, *:

37.0vs 38.1 ms, p = 0.0002, 0.0005, and 0.4442 respectively, n =212 vs 3990).
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Participants with BMI > 30 kg/m? had lower spleen Ti, spleen cT1 and higher T,* than
participants with BMI < 30 kg/m? (1010 vs 1028 ms, 1305 vs 1327 ms and 42.9 vs 38.1 ms
respectively, n =487 vs 7137, p < 1 x 10 for all), and had higher liver cT1 (694 vs 674 ms, p <

2.2 x 10°16).

There were no discernible differences in spleen T1, cT1 or T>* across participants’ smoker
status (categories being: prefer not to answer (T1 = 1006, cT1 = 1312, T,* = 44.7, n = 3), never
(T1 = 1039, cT1 = 1324, T>* = 39.5, n = 2631), previous smoker (T1 = 1033, cT1 = 1321, T* =

36.9, n = 1157), current smoker (T1 = 1040, cT1 = 1328, T,* = 37.9, n = 199).

There were no discernible differences in spleen Ti, cT1 or T* across medication type
(categories being: none (T1 = 1016, cT1 = 1305, T>* = 36.1, n = 1207), do not know (T1 = 998,
cT1=1281, T,* = 26.9, n = 10), blood pressure medication (T1 = 1015, cT; = 1302, T>* = 38.9,
n = 73), cholesterol-lowering medication (T1 = 1011, cT1 = 1299, T,* = 35.0, n = 178), insulin
(T1 = 1033, cT1 = 1324, T,* = 33.2, n = 3). Medication data was only provided for 1471

participants.

There were significant differences in spleen Ti, cT1 and T2* in women who were older or
younger than 52 years of age; (T1: 1046 vs 1055 ms, p = 0.0001, cT1: 1333 vs 1339 ms, p =

0.009, T>*:39.1vs 42.3 ms, p = 0.0001).

After excluding those on cholesterol-lowering medication, insulin and blood pressure
medication the final range of ‘healthy normal’ was observed in 3,736 participants, whose
spleen metrics are described in Table 30 and whose participant characteristics are described

in Table 31. For the rest of the chapter, this is defined as the ‘healthy UKBB’ range.
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Table 30: Spleen MR-derived metrics for UKBB healthy volunteer subgroup

Mean or median

Spleen T1 (ms)

1039 £ 58

Spleen cT1 (ms)

1338 (1290-1364)

Spleen T,* (ms)

38.2 (25.5-52.0)

Spleen volume (litres)

0.13+0.06

Table 31: Participant characteristics of UKBB healthy volunteer subgroup

Demographic data

Age (median (IQR))

55 (48-61)

Sex (male, %)

1372 (36.7%)

Body mass index (kg/m?) 23.6+1.9
Blood biochemistry and haematology
Bilirubin (numol) 9.5 (6.6-10.7)

Alanine aminotransferase (ALT) (1U/L)

17 (13.7-22.0)

Aspartate aminotransferase (AST) (IU/L)

23 (20-27)

Alkaline phosphatase (ALP) (IU/L)

74 (62.3-88.4)

Gamma-glutamyl transferase (GGT) (1U/L) 20.3 (15-28)
Albumin (g/1) 455+25
White cell count (x10°/1) 6.1(5.2-7.1)

Platelets count (x107%/1)

243 (212-281)
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8.5 Spleen Ty and cT; in healthy volunteers in OCMR
8.5.1 Methods

Patient selection

Participants were recruited through posters displayed at the John Radcliffe and Churchill
hospitals in Oxford. The inclusion criteria were: ages 16-80 years old and BMI < 25 kg/m?. The
exclusion criteria were: history of liver disease, excess alcohol consumption (14 units a week
for women, 21 units a week for men), presence of metabolic syndrome (any one of type 2

diabetes mellitus, hyperlipidaemia, hypertension) and contraindication to MRI.

MRI protocol

Transverse abdominal shMOLLI images were acquired with parameters: 5(1)1(1)1 scheme, TI:
110 ms, 110 ms + RR, 110 ms + 2RR, 110 ms + 3RR, 110 ms + 4RR, 190 ms and 270 ms, TR/TE:
234.97/1.05 ms, TR of individual bSSFP readouts 2.5 ms, slice thickness 8.0 mm, GRAPPA

acceleration factor 2, flip angle: 35°. FOV: patient dependent, matrix size: 144 x 192.

T>* maps were acquired with a multi-echo GRE acquisition was used with parameters: TR: 500
ms, TEs: 1.25, 2.46, 3.69, 4.92, 6.15, 7.38, 8.61, 9.84 ms, 6 mm slice thickness, GRAPPA
acceleration factor 2, flip angle: 20°. DIXON method used for fat fraction analysis. FOV: patient

dependent, matrix size 104 x 128.

Image analysis was performed using LiverMultiScan™ as described in Chapter 2, with the

organ of interest being the spleen.

Anthropometric measures and blood sampling

Height and weight and waist and hip circumference were measured.
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Blood samples were drawn and analysed for bilirubin, ALT, AST, ALP, GGT, albumin,
haemoglobin (Hb) white cell count (WCC), platelet count. Samples from female volunteers,
after having been spun and stored at -80°C were sent for oestradiol and progesterone

hormone testing.

Statistical analysis

Spleen T1 and cT1 ranges were described using the mean # standard deviation. Spleen T1 and
cT1 were tested for correlation with simple blood tests, BMI and differences between sex
were investigated. Correlation tests were performed using the Spearman’s rank correlation
coefficient and differences between groups using the Wilcoxon non-parametric test if non-

normally distributed or the t-test if normally distributed.

8.5.2 Results
52 healthy volunteers were recruited into the study* and all had successful MRI scans.
Participants were of median (IQR) age 39 (28-58) and had mean + standard deviation BMI of

23.0 + 2.7. Further baseline characteristics are presented in Table 32.

Table 32: Characteristics of healthy volunteers (OCMR)

Demographic data

Age 39 (28-58)
Sex (male, %) 19 (36.5%)
Body mass index (kg/m?) 23.0+2.7

Blood biochemistry and haematology

Bilirubin (umol) 11 (9-15)

4 These patients were recruited into the study by Dr Michael Pavlides and 42 of these have had their liver cT:
values and baseline characteristics described in his DPhil thesis, but spleen T1 and cT1 from this group has not
been reported there or anywhere else to the best of my knowledge.
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Alanine aminotransferase (ALT) (IU/L) 16 (12.5-22.5)

Aspartate aminotransferase (AST) (IU/L) 24 (20-28)

Alkaline phosphatase (ALP) (1U/L) 134 (108-156)

Gamma-glutamyl transferase (GGT) (IU/L) 13 (11-20)

Albumin (g/I) 44.8+2.3
Haemoglobin (Hb) (g/dl) 13.8+1.2
White cell count (x10°%/1) 5.4 (4.7-6.5)
Platelet count (x10°/1) 239 + 47

Median and interquartile range (in brackets) reported for non-normally distributed variables, mean +

standard deviation for normally distributed data.

Spleen MR parameters — range
Spleen T1 had mean t standard deviation 1257 + 96 and spleen cT; had mean t standard

deviation 1270 + 93 and spleen T>* had median (IQR) of 23.0 (18.9-37.8 ms).

Spleen cT1 was significantly higher in women than in men (1307 vs 1206 ms, p = 0.0004), with

the same observation seen in spleen T1 (1298 vs 1187 ms, p = 0.0002).

Spleen MR parameters — correlation

Spleen cTi correlated significantly with liver cT1 (r = 0.61, p < 0.0001) and Hb (r = -0.48, p =
0.0005) but not with any of spleen T>*, ALP, ALT, albumin, AST, GGT or platelet count. Spleen
cT1 showed moderate negative correlations with bilirubin and BMI (r = -0.37, p = 0.008 and r
=-0.33, p = 0.015 respectively). Spleen T,* was weakly correlated with liver T,* (r=0.28, p =
0.043). After correcting for multiple comparisons (Bonferroni) only correlations with liver cT

and haemoglobin were significant.
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In women, spleen Ti/cT1 neither correlated with levels of oestradiol (p = 0.584) nor

progesterone (p =0.513).
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8.6 Comparison of healthy groups with patients at risk of PH

8.6.1 Aims

The aim of this section was to investigate whether the healthy ranges of spleen T1/cT1 found
from the participants and healthy volunteers in this Chapter are significantly different from
patient ranges of spleen T1/cT1 described in Chapter 5. More specifically, the aims were to

compare:

1) Spleen T1 between:
a. All groups scanned at 1.5T
i. Broken down into 3 categories, healthy, with diagnosis of CSPH, and
assessed for CSPH, but with no diagnosis of CSPH.
b. All groups scanned at 3T
i. Broken down into 3 categories, healthy, with diagnosis of CSPH, and
assessed for CSPH, but with no diagnosis of CSPH.
2) Spleen cT1 between:
a. All groups
i. Broken down into 3 categories, healthy, with diagnosis of CSPH, and

assessed for CSPH, but with no diagnosis of CSPH.
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8.6.2 Methods

Spleen T1 and cT; values obtained from all studies across Chapters 5 and 6 were collated.

Participants were divided into three ‘categories’: healthy (healthy volunteers from OCMR and
UKBB participants), with CSPH (defined by either HVPG > 10 mmHg (OCMR), variceal bleeding
(SGH) or radiological evidence of PH (CCH)) and those assessed for, but without CSPH (all
patients assessed for evidence of CSPH, but who either had HVPG < 10 mmHg, no variceal
bleeding or no radiological evidence of PH). In the SGH cohort, it was decided to define CSPH
and ‘assessed for, but without CSPH’ by whether they had future episodes of variceal bleeding

rather than the HVPG > 10 mmHg, given that the HVPG was not predictive of bleeding.

Differences in spleen T1/cT1 were assessed separately at 1.5T (cohort from SGH, cohort from
CCH and the UKBB) and at 3T (patient cohort from OCMR (OCMR HVPG) and healthy
volunteers at the OCMR (OCMR healthy)). Spleen cT1 was also assessed for differences by
category across all the studies as the standardisation corrects for the effect of magnetic field

strength.

Boxplots were generated to show differences between groups. Test for differences were
performed using the Wilcoxon non-parametric test where data was non-normally distributed
and the t-test where data was normally distributed. P values were adjusted for multiple

comparisons using the Bonferroni correction.
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8.6.3 Results

At 3T (all data from same centre; OCMR) there were significant differences in spleen T1/cT1

between those with CSPH and those “assessed for, but without CSPH” as described in Chapter

5. However, there was no significant difference between healthy volunteers and those at risk,

but with no CSPH. In fact there was a trend towards significance for higher spleen T1/cT; in

the healthy volunteer group (p = 0.02) compared to those at risk, but without CSPH (Figure

40).

Differences in spleen T1/cT1 by disease severity were also assessed separately by sex, with

boxplots (Figure 41) indicating that the higher spleen values in women significantly affect

discrimination of healthy vs any stage of disease severity.
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Figure 40: Boxplots showing differences in spleen T,/cT; by disease severity at 3T. ** denotes p <

0.01, * denotes p < 0.05.
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Figure 41: Boxplots showing differences in spleen T1/cT: by disease severity at 3T by sex. Top row:
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At 1.5T (SGH, CCH, UKBB) there were significant differences between healthy volunteers and

those with CSPH and those with liver disease, but without CSPH (Figure 42).
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Figure 42: Boxplots showing differences in spleen T1/cT: by disease severity at 1.5T. A) shows spleen
T, and B) shows spleen cT; values. Black dots represent outlying datapoints.

Differences in spleen T1/cT1 by disease severity were also assessed separately by sex, with

boxplots (Figure 43) indicating that when assessed separately, the discrimination of disease

severity is similar between groups as in the whole set of participants.
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When combining all participants, volunteers and patients across studies, spleen cT1 ranges
were significantly different between all categories of disease severity (1415 vs 1343 vs 1325
ms, Figure 44). The difference between healthy participants and patients at risk, but without

CSPH was small but statistically significant, probably because of the large number of healthy

participants (mainly from UKBB).

Fkkk

ki

1600 - ' 1
[ ]
|
w 36 !
E "=
-
= 1400 n=73
=
a
o
s n=3788
1200 -
3
1000 -
CSPH At risk, no CSPH Healthy

Severity of risk of PH

Figure 44: Boxplots showing increasing spleen cT; with increasing disease severity. Data was collated
from all participants, healthy volunteers and patients across studies. Spleen cT; data was categorised
by disease severity: healthy, assessed for, but with no diagnosis of clinically significant portal

hypertension (CSPH), and those with a diagnosis of CSPH.
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Spleen Ti (at 1.5T) and cT1 (across all groups) was significantly higher in the paediatric
population from CCH than any other group (Figure 45). Mean spleen cT1 from each group

were: CCH: 1426 £ 72 ms, SGH 1363 + 88 ms, OCMR: 1277 £ 95 ms, OCMR healthy volunteers:

1287 £ 92 ms, UKBB: 1325 + 62 ms.
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Figure 45: Boxplot showing the difference in paediatric spleen cT, from CCH to adult values.

For a greater visual representation of the spleen cT1 values across study and severity of
disease, boxplots were generated comparing spleen cT1 values across studies and splitting

each study into severity of PH as depicted in Figure 46.
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8.7 Discussion

8.7.1 Main findings

This chapter has provided normal ranges for spleen T1 at 1.5T and at 3T, and for spleen cTs.
We have further highlighted the utility of these measures for assessment of PH by showing
that there are significant differences across disease severity. We have provided further
evidence that women have higher spleen T1 and cT1 values than their male counterparts,
indicating potential adjustments may be required for accurate diagnosis of CSPH. The effect
sizes of these male-female differences were clinically relevant, with differences of 100 ms and
40 ms observed in the OCMR healthy volunteer and UKBB cohort respectively. We have
observed higher spleen T1/cT1 in the paediatric population with autoimmune liver disease
(AILD) compared to all other adult populations with CLD (from 63 to 149 ms differences).
These male/female and child/adult differences were also clinically relevant in comparison to
the spleen cT1 differences observed between patients’ disease severity categories of ‘healthy’
and CSPH (90 ms difference) and of ‘assessed for, but without CSPH’ and CSPH (72 ms

difference).

8.7.2 UKBB and OCMR healthy volunteers’ exploratory analysis

We derived spleen T1/cT; values from two different groups; both prospectively recruited, but
with different inclusion/exclusion criteria. The baseline characteristics of both groups (BMl,
blood test results) were very similar with the main difference being the UKBB were older (55

vs 39 years old) than the healthy volunteers recruited at OCMR.
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There were weak (r = 0.23) correlations between liver cT1 and spleen cT1 in the UKBB but a
strong correlation between the two (r = 0.61) in the OCMR cohort. One reason we may have
observed strong correlations between spleen and liver cT1 in the OCMR cohort, but a much
weaker one in the UKBB cohort is that reduction in liver cT1 with increasing age was observed
in women in the study by Mojtahed et al*®°, This could have affected the overall correlation.
In a nominally healthy population, one would not necessarily expect to observe a correlation
between variables that are only expected to be elevated in the presence of liver disease. One
however might expect some correlation between the two due to factors that affect both liver
and spleen T1 such as hydration levels. Also, given the large number of participants involved
in the UKBB, statistically significant; but clinically irrelevant correlations are likely to be

observed.

Spleen cT1 was negatively correlated with haemoglobin (Hb) concentration in both the OCMR
and the UKBB cohort (r =-0.48 and r =-0.31 respectively, p < 0.0001 for both). Hb is generally
higher in men than women, and spleen cT1 was found to be lower in men than women. When
taking sex into account, the correlations were: r =-0.13, p < 0.0001 and r =-0.20, p < 0.0001
in men and women respectively in the UKBB, and r =-0.17, p =ns and r = -0.47, p = 0.007 in
men and women in the OCMR cohort. Haemoglobin levels can vary with menstrual phase3?.
The correlation therefore may be more pronounced in women, in whom we might expect to
see a broader range of Hb levels due to this variation. We may also expect to see a broader
range of Hb in younger women than in older women due to the onset of menopause, which
may explain the stronger correlation coefficient in younger women (i.e. in the OCMR cohort

vs the UKBB, r =-0.20, p < 0.0001 vs r =-0.47, p = 0.007).
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Figure 33 highlighted the practical issues with utilising an iron-correction method that is only
validated/functions in the range of liver Ty values. This figure clearly outlined the inadequacy
of the current iron-correction method being applied to spleen T1 values, as after a certain
point only the field strength correction mapping T1 to cT1 applied. This may be the reason that
certain uncorrected T1 data from previous chapters showed marginally better performance

for diagnosis of CSPH than spleen cT1.

Participants with BMI > 30 kg/m? had lower spleen T1/cT; values than those with BMI < 30
kg/m?, but the difference was too small (17-20 ms) to be considered significant in the context
of reproducibility of T1 times!®, Spleen T1/cT: was also associated with a weak/modest
negative correlation with BMI in both healthy cohorts, but the effect size from the UKBB is
likely to be artificially enhanced by the large numbers involved and the significance of the
correlation in the OCMR cohort disappeared when corrected for multiple comparisons.
Although there have been no studies comparing spleen T1 to BMI, height or weight, studies
have shown that spleen size (both diameter and volume) is larger in taller people, people with
higher BMI and in men vs women33, Interestingly we have observed the opposite
relationships between spleen Ti/cT1 and sex and spleen Ti/cT: and body size/BMI
measurements in the UKBB and OCMR healthy cohort. We did not have height and weight
measurements for individuals from the SGH or CCH cohort, but this analysis for effect of body
size on spleen T1 in patients with CLD or PH would be a logical next step. It is likely however,
that the presence of any splenic congestion would affect the spleen T1 measurements more
so than body size, given the low correlations observed between spleen T; and height/weight
(-0.19 and -0.20 respectively) in this UKBB cohort. To put the magnitude of these differences
into context, the difference in spleen cT1 between male and female, participants with and

without obesity and difference between disease severity are summarised in Table 33 below.

257



Table 33: Significant differences in spleen cT;1 by dichotomous variables and disease severity.

Disease severity

Healthy vs assessed for but no CSPH vs

Differences

kgm™

CSPH
1415 vs 1343 vs 1325ms 72, 18,90 ms

Dichotomous variables
Men vs women (UKBB) 1336 vs 1304 ms 32 ms
Men vs women (OCMR 1307 vs 1206 ms 101 ms
healthy)
Children (CCH) vs Adults| CCH:1426 ms, SGH: 1363 ms, OCMR: | 63, 149 ms
(OCMR PH and SGH) 1277 ms
BMI > 30 kgm? vs BMI < 30 1305 vs 1327 ms 22 ms

Much of this work was exploratory in nature, and therefore the associations with multiple
comparators from the UKBB must be taken with caution. The significance of correlation
between spleen T1/cT1 and many of the variables can be explained mostly by the sheer
numbers of participants involved in this analysis. Therefore, in this discussion any of the
parameters that had a significant Spearman’s rank correlation coefficient < 0.3 in the UKBB
study are not considered to be of clinical relevance, as with smaller numbers those
relationships are likely to disappear. This was shown in the significant correlations observed

between spleen T1/cT1 and blood tests from the UKBB cohort and the subsequent lack of
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correlation between spleen T1/cT1 and the same routine blood tests in the heathy volunteers
from the OCMR group e.g. in the UKBB spleen T1 was correlated with GGT (r = -0.16, p <
2.2x107%), but not in the OCMR cohort (r = -0.24, p = 0.09). The means by which we derived
these spleen parameters in the UKBB were automated, and although all scans were QC
checked for liver metrics and general scan protocol issues (e.g. mistriggering), the same QC
was not applied in the spleen — we however excluded all those with low spleen T1 R-square
values, fat swap effects and abnormal T,* values. This means that although the range of
values we have described is likely to be accurate, individual scans may be of suboptimal
quality (due to misalighment through patient motion and/or poor segmentation) and further
work should be done to carefully, manually sift through the remaining dataset and provide a

definitive normal, healthy range.

Women had higher spleen T1 and cT; in both the UKBB cohort and OCMR healthy volunteer
group. This has been observed previously in liver cT1 by researchers in our group and is
postulated to be due to differences in water retention due to hormonal changes. The shMOLLI
sequence does have a heart-rate dependence on the evaluation of Ti times that is more
pronounced in longer T1 times. Men and women in general have different heart rates and this
may be another contributing reason to the difference in spleen T1/cT1 in men and women.
Further to this, difference in Bo field corrections may be present in men vs women due to the
difference in spleen size. All these incremental difference between men and women may be
contributing to the observed significant differences in spleen cT1/T1in men and women. There
was a larger difference between male and female spleen cT; values observed in the slightly

younger, healthy OCMR cohort than in the healthy UKBB cohort (100 ms vs 40 ms
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respectively). We did observe a statistically significant difference in women from the UKBB
above and below the ages of 52, (considered to be the average age of the onset of the
menopause in the UK). However, the effect size was a difference of only 9 ms on average and
therefore cannot be considered clinically relevant. Larger spleen size in men vs women has
been reported before, with separate ranges of normal spleen size having been recommended
for men and women as shown in a study of 1,200 volunteers33*, We did not have data on
spleen length available but did have liver and spleen volumes available and showed that men
had larger spleens by volume than women (0.16 vs 0.10 litres, p < 0.0001), in line with the
literature33°, It is worth noting that it may be expected to find a gender difference in spleen

volume or organ volume in general since we have not adjusted for body size here.

Within data from OCMR (3.0T), we observed a trend towards higher spleen cT1 in healthy
volunteers than in those assessed for, but without CSPH (Figure 40). On closer inspection, the
healthy volunteers contained a much higher percentage of women than the patient group
(64% vs 21%), who we have shown to have higher spleen cTy, driving the observed upward
trend. When we separated the cohorts into men and women, we saw a marked effect on the
difference in spleen T1/cT1 in relation to disease severity in men vs women, due to the higher
T1/cT1 in the healthy women controls (Figure 41). The healthy women showed a trend
towards being younger (35 vs 47 years old, p = 0.02) than those with suspected PH and this
difference in spleen T1/cT: therefore may be either to do with age or hormonal changes
affecting fluid retention. Given the small numbers of female patients assessed for PH (n = 6)

in comparison with the healthy volunteers (n = 39), the significance levels should be taken
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with caution. In similar analysis carried out with the remaining groups at 3.0T, spleen T1/cT1

rose with disease severity in a similar fashion for both women and men.

This indicates that for any future clinical utility, either different cut-offs should be considered
for men and women or normalisation for sex should be calculated to avoid misdiagnosis. The
difference between healthy and ‘assessed for, but without CSPH’ was small (18 ms) and may
be driven by the large participant numbers in the UKBB — a better analysis would be to take a

smaller, random sample of some of the UKBB for this and other analyses.

8.7.3 Healthy datasets comparison to patients with CLD

In the previous Chapter spleen T1 was shown to perform similarly and in some cases slightly
(but not significantly) better than spleen cT1 for discrimination of CSPH. We could not directly
compare spleen T1 values between different study groups at different field strengths, as ‘raw’
T1 values are almost linearly correlated with field strength. However, we observed similar
relative differences between ranges of spleen cTi1 across the different studies. This
underscores the benefit of the field strength standardisation algorithm if spleen cT is to be
used in clinical practice allowing a direct comparison across groups. Moreover, the size of the
difference in splenic T1 between 1.5T and 3T in groups of similar characteristics is greater than
200 ms in comparison to the largest difference between the pooled clinical groups (healthy

vs CSPH, 90 ms) indicating a clear requirement for standardisation.

We observed a steady increase in spleen cT1 with increasing severity of disease (Figure 44).
Our criteria for disease severity from SGH involved using future episodes of variceal bleeding
as a determinant of whether the patients had CSPH rather than using the HVPG > 10 mmHg.

We believe this was justified as the HVPG should be the gold-standard measure of severity of
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PH, but it did not show prognostic value in Chapter 5; this also allowed us to include the
patients with NCPH (as the HVPG is falsely lowered in those patients). This is an encouraging
finding, however in almost all of the populations, the ranges of spleen T1/cT1 were quite large
and in many cases the distributions between severity overlapped significantly (Figure 39). This
could indicate that additional imaging (e.g. liver cT1), clinical, or non-invasive (e.g. platelet
count) information may be required in making a correct diagnosis of PH or CSPH and that if

used in clinical trials/research studies as an endpoint, then large sample sizes may be needed.

Data was collated from the studies included in this thesis as well as other reported sources to
give an overview of spleen T1/cT1 and liver cT1 values in different populations (Table 34). The
splenic standard deviations and IQRs in the UKBB and the OCMR healthy cohort are higher
than the IQR reported in a reference range for liver cT; in the UKBB!® (643-694 ms, a
difference of 51 ms vs 1290-1364, 74 ms difference) or in the OCMR healthy cohort. This is
understandable given the higher absolute range, and this difference becomes minimal if its
coefficient of variation (CoV) is taken into account (6.5% for spleen cT1 vs 6% for liver cTy, data
from UKBB healthy cohort). However, in the patient populations, the spleen cT1 IQRs are
similar to their corresponding liver cT1 values, indicating more variability amongst normal or

healthy people in spleen cT1 compared to liver cT;.

Table 34: Ranges of spleen cTy, T1 and liver cT; values

Spleen cT1 (ms)

Spleen T1 (ms)

Liver cT1 (ms)

UKBB

1325 + 61
1338 (1290-1364)

1039 + 67
1043 (1004-1077)

666 (643-694)18°

OCMR healthy

1270 + 93
1291 (1206-1342)

1257 + 96
1272 (1187-1334)

765 + 70
756 (718-804)
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OCMR HVPG | 1277 +95 1264 + 95 954 + 153

1289 (1188-1351) 1254 (1189-1337) 913 (858-1028)
SGH 1363 + 88 1107 + 100 841+ 121

1364 (1279-1430) 1104 (1035-1182) 805 (767-928)
CCH (AILD) 1426 + 72 1148 +72 985 + 72

1424 (1385-1473) 1143 (1106-1202) 996 (934-1018)
CCH - 1172 +71 & 1356 +87 | 581 + 64 & 783 + 88
(healthy331) 15T & 3T 15T & 3T

All datasets shown as mean =+ standard deviation and median (interquartile range, (IQR)) to allow

direct comparison with liver cT; values which were non-normally distributed.

We initially thought in the previous Chapter that the higher spleen cT1 in the paediatric
population from CCH could be accounted for the by underlying aetiologies of the cohorts as
the CCH cohort had markedly different aetiologies of liver disease (all patients being
exclusively diagnosed with AILD) than the ones in SGH and OCMR. Alternatively, the
difference could be that paediatric spleens have different values to adults. A recent
publication by the same group we collaborated with at CCH showed ranges of normal
paediatric values for spleen Ty at 1.5T and 3T field strengths33!. These were shown to be 1172
+ 71 ms at 1.5T and 1356 + 87 ms at 3T, both approx. 100 ms higher than their respective
values obtained in our studies here in the UKBB (1.5T, 1039 + 67 ms) and at OCMR (3T, 1257
+ 96). This provides further evidence that children may have higher spleen T1 values than
adults in both healthy volunteers and in CLD. There is of course a chance that CCH is returning
systematically high values, but we have found no evidence of that. In the study of healthy
children33!, there was no difference in spleen T; values between males and females, whereas

we have consistently observed differences in the healthy adult cohorts in this Chapter. This
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provides a possible further evidence for the explanation that the differences are related to
hormonal changes that occur after puberty, which could be causing changes in levels of water

retention in women as mentioned above.

We have compared spleen cT; values from studies carried out at both 3T and 1.5T field
strength. However, since the field strength correction (as well as the iron correction) that
transforms T1 to cT1 is valid only for liver tissue and liver Ty ranges, it is unclear how much
confidence we should have in directly comparing these spleen cT:1 values across field

strengths.

The spleen is split into two main parts, the red pulp (active in mechanical filtration of red
blood cells) and white pulp (active in immune response), with an area called the marginal
zone straddling the two, and the white pulp being enclosed by the red pulp. The effect of
immune response to spleen Ti/cT1 was briefly touched upon in the previous Chapter’s
discussion. Heightened levels of immune response may express itself in an enlargement of
only the white pulp of the spleen, and this extra contribution could drive overall spleen T1/cT1
values upwards. In fact, studies have shown that splenomegaly induced by chronic PH exhibits
enlarged white pulp and marginal zone areas®3?, whereas spleens enlarged due to congestive
splenomegaly exhibit a less prominent white pulp and more distinct red pulp333. If there is
some way of separating the contributions to/ranges of the T; signal from white and red pulp,
this may help to account for any confounding effects of the immune system. This would

require significant interdisciplinary co-operation to obtain the requisite tissue samples.

The spleen has an important role in storing and recycling iron. Old or damaged red blood cells
are filtered by the spleen and broken down by macrophages. Many of these old cells still

contain haemoglobin, which is metabolised by the spleen and stored as ferritin until later
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released. Now that there is further evidence of spleen Ti relaxometry’s ability to assess
severity of PH, future work could focus on the utility of the current iron-correction method,
which is not validated in the spleen and therefore lacks physiological rationale. Histology is
rarely performed on the in vivo spleen due to its propensity to bleed profusely, making
validation of iron content difficult. Splenectomy is sometimes indicated for haematological
disorders or can be performed together with pancreatic surgery. Splenectomy is also
occasionally performed to relieve symptoms of PH. These may present opportunities for
paired histologic and non-invasive evaluation of splenic iron content. This is likely to be
necessary as it is known that the spleen can experience iron overload, sometimes exhibiting

cases of haemosiderin ‘clumps’ called Gamma-Gandy bodies.

In conclusion, over these last two chapters we have collated and analysed MRI data from
multiple centres and shown that spleen T1 and cT1 both may have diagnostic and prognostic
value in the assessment of PH. If further evidence from larger numbers of patients in more
sites shows similar results, these could be used, perhaps in conjunction with liver cT1 and

platelet count for routine assessment of severity of PH in patients with CLD.
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Chapter 9: Conclusions and

suggested further work

266



9.1 Summary of main findings

This thesis has further examined the diagnostic and prognostic ability of multiparametric MRI
methods in patients with varying severities of liver disease. It was shown for the first time
that liver cT1 can quantify changes in liver fibroinflammation in response to direct acting
antiviral treatment (DAA) for hepatitis C virus (HCV). Liver cT1 exhibited further prognostic
significance, especially in patients with non-alcoholic fatty liver disease (NAFLD), alcohol-
related liver disease (ArLD) and viral hepatitis (VH), and when failure/unreliability rates were
taken into account, could predict clinical outcomes while transient elastography (TE) could
not. We provided further evidence that spleen T1/cT1 and liver cT1 have utility in the diagnosis
and prognosis of clinically significant portal hypertension (CSPH) and presented a reference

range for spleen T1/cT1 from the United Kingdom Biobank resource (UKBB).

9.2 Liver cT1 prediction of clinical outcomes

This thesis has shown further evidence that liver cT1 is a good predictor of clinical outcomes,
with particular value in screening patients with the major causes of liver disease (NAFLD, ArLD
and VH in the western world, correctly predicting all liver-related clinical events in those
patients. Liver cT1 was also predictive of outcomes in patients with compensated disease only,
in which a screening tool would be most useful. In a head-to-head analysis comparing the
effect of failure and unreliability rates on MRI and TE, liver cT1 > 825 ms was predictive of
liver-related clinical outcomes, but not TE > 8kPa. This is important, as TE is currently used
widely in clinical practice, and although costed at less than MRI with LiverMultiScan™
(£199334 vs £331 (£200 for analysis and reporting + £131 for MRI scan time)), its failure rate

means that these costs could be recouped by using MRI and avoiding biopsies (£497-553)3%.
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Although we have followed up almost twice as many patients, over longer follow-up than
previously, more data from independent cohorts are necessary to further build on this

evidence base.

We believe that liver cT1 might have particular use in early detection of liver disease. The
UKBB resource would be an appropriate dataset in which to investigate this. Participants
within the UKBB should be stratified into groups, e.g. those with no signs of liver
fibroinflammation, those with MR-based signs of fibroinflammation but no blood-based signs,
those with blood-based signs of liver fibroinflammation but no MR-based signs; and those
with both MR and blood-based signs of liver fibroinflammation. The UKBB aims to release
participant outcome data every 3 years, and these participants’ development of clinical
outcomes or first referral to liver services should be compared. This would tell us a great deal
about liver cT1’s sensitivity in relation to other non-invasive biomarkers for early detection of

outcomes.

9.3 Liver cT1 for monitoring of disease progression/regression

This thesis has shown liver cT1 can accurately monitor patients’ response to therapy. We
observed significant changes in fibroinflammatory disease and liver fat up to 48 weeks after
end of treatment (EoT) in patients with HCV treated with DAAs. Patients with cirrhosis were

observed to regress their liver cT1 more slowly than those without.

Long-term regression in liver MR parameters should also be assessed, especially in patients
with cirrhosis prior to treatment. These patients also require extended follow-up for
development of hepatocellular carcinoma (HCC), a limitation of the relatively short follow-up
in this study. Additionally, in these particular populations of patients treated for HCV,

different cut-offs for liver cT1 may be necessary for prediction of HCC risk.
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Response to treatment could be extended to assessing response to abstinence from alcohol
consumption in patient with alcohol-related liver disease (ArLD). Abstinence from drinking is
the strongest predictor of survival in patients with alcohol-related liver disease, but there are
still significant numbers who go on to develop poor outcomes even if they stop drinking
excess alcohol33. In the same way as we have described the importance of assessing those at
risk of HCC development even after successful treatment for HCV, if changes in liver cT1 post
abstinence from alcohol can predict those who are at continued higher risk of developing

complications, it would be of significant clinical utility.

Changes in liver T>* were observed over the course of this study. Further work should extend
the assessment of changes in MR parameters from focussing on fibroinflammatory change to
changes in liver iron content (LIC). The T>* measurement of LIC underpins the iron correction
algorithm and therefore its sensitivity to change would be useful to know for future
longitudinal studies. This could be assessed in patients undergoing iron infusion or
venesection for treatment of anaemia or haemochromatosis, in whom we might expect to

observe significant changes in LIC.

9.4 Spleen Ty and cTi for assessment of portal hypertension

Following on from research in our group, this thesis has further established that both spleen
T1/cT1 and liver cT1 has clinical utility in classification of patients with portal hypertension
(PH). This work compares similarly to studies involving magnetic resonance elastography
(MRE), and also sits within the range of diagnostic accuracies reported for liver and spleen
stiffness by TE. Taking into consideration the failure/unreliability rate and coefficient of
variation (CoV) of TE on its clinical application, along with studies showing spleen stiffness

measurements by acoustic radiation force impulse (ARFI) fail to take measurements of
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smaller spleens, these encourage us to generate further evidence on the utility of spleen T
and cT; as surrogate markers of portal pressure. In particular, larger patient cohorts, with
more balanced numbers of patients with and without clinically significant PH (CSPH) as

defined by hepatic venous pressure gradient (HVPG) are required.

We presented a reference range of ‘normal’ spleen T1 and cT; values, utilising the United
Kingdom Biobank (UKBB) resource, thereby contributing significantly to the current literature

relating to normal spleen T1 ranges.

Paediatric spleen T1/cT:1 was shown to be significantly higher amongst patients with liver
disease (autoimmune liver disease (AILD)) than in adults with CLD, and we also observed a
difference between our adult ‘normal’ spleen Ti values and those of paediatric healthy
volunteers from another study. This shows that in addition to significant differences in spleen
T1/cT1 observed in adult women and men, different ranges may be required for the paediatric
population. These differences were large and comparable with differences in spleen T1/cT:

disease status, and therefore require addressing if spleen T1/cT1 is to become clinically useful.

Lastly, albeit in a small cohort of patients with PH who were on nonselective beta-blocker
(NSBB) treatment, spleen cT1 showed excellent prediction of future variceal bleeding,
potentially able to identify those at risk of failing primary prophylaxis for variceal

haemorrhage.

Further work could involve assessing patient pre- and post- transjugular intrahepatic shunt
(TIPS) procedure to investigate the ability of abdominal T1 mapping to assess effectiveness of

the procedure.
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9.5 Advancement in MR techniques

Although we have used magnetic spectroscopy (MRS) in this study, LiverMultiScan™ currently
uses MRI proton density fat fraction (PDFF) techniques, which correlate excellently with
MRS3?¥7, and combined with T1 and T,* mapping allow a patient examination in approx. 15
mins, allowing high throughput assessment as in the UK Biobank. The LiverMultiScan™
protocol should be trialled in multiple centres in an intention-to-diagnose setting alongside

TE to assess which methods provides best overall value for money to a healthcare system.

Inflammation increases liver cT1, in some cases to such an extent that the cTi value is
comparable with that of a patient with cirrhosis. MR techniques that might separate
contributions from fibrosis and inflammation in the liver should be pursued (intravoxel
incoherent motion diffusion weighted imaging for example) as they could be of clinical
importance especially in the tracking of patients undergoing treatment for their underlying
liver disease and in clinical trials for antifibrotic treatments and NASH treatments specifically.
Ideally one would want multiparametric MRI to be a ‘one-stop shop’ for liver disease
assessment. An important part of liver disease assessment is screening for hepatocellular
carcinoma (HCC) which is currently performed with by ultrasound or contrast enhanced MRI.
Our technique currently measures liver cT1 through an imaging ‘slice’, but 3 dimensional T
mapping techniques could map the whole liver in a much shorter time. This could improve
detection of smaller HCCs, which can be missed on US, and also help surgical planning for
resection. General applicability is another important facet of a diagnostic tool. Currently the
shMOLLI*®” sequence is mainly available on MRI scanners that are either active in research or
in those who update their software regularly. This is often not done in purely clinical centres

- across the US in particular - and therefore the current MRI acquisition technique we use is
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suboptimal for the widest coverage. 3D T1 mapping techniques that can be used on a wider

variety of scanners than shMOLLI can are in development.

9.6 Practical Utility

From the data presented here showing cT1’s prognostic capability and its ability to quantify
changes in liver disease over the medium term, cT1 could be useful as a prognostic or
monitoring biomarker, or potentially even as a clinical trial endpoint. Drug trials for non-
alcoholic steatohepatitis (NASH) and antifibrotic therapies need better recruitment and
retainment, which are affected by the FDA’s requirement for multiple biopsies. Liver cT1 could

significantly impact on these statistics and the process of drug trials/approval.

In clinical care, we would envisage MRI, perhaps alongside blood biomarkers to be used as a
screening tool to avoid unnecessary biopsies, HVPG procedures or endoscopies, thereby

reducing healthcare costs and increasing patient comfort.

Multiparametric MRI’s evidence base as non-invasive diagnostic tool for liver disease is being
bolstered continuously. However, there are other liver-specific tools, namely TE and MRE that
also show good diagnostic accuracy and prediction of clinical outcomes. Although we have
shown advantages of cTj, these techniques should be compared head-to-head over multiple

centres, and feasibility and cost-benefit analyses performed to determine practical utility.
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