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Abstract

This thesis outlines four first author peer reviewed journal articles and three
co-author peer reviewed journal articles submitted by the author for the award
of the research degree Doctor of Philosophy by Published Works to the
University of Nottingham. The focus of these works is to use novel Magnetic
Resonance Imaging (MRI) techniques to probe the physiology of abdominal
organ structure and function in healthy volunteers and patients with liver
disease. The key aims of these published works were to: (Publication 1) Cross
sectionally delineate liver disease using MRI; (Publication II) Compute serial
measures of the variation in quantitative MRI measures to understand the
repeatability to aid the interpretation of data in future studies of clinical trials
of drugs and interventions for disease progression; (Publication Ill) Use MRI to
detect short terms changes to liver architecture in disease using a drug
intervention; (Publication IV) Use MRI in healthy volunteers to dynamically
observe changes to organ function during fluid infusions (colloid and
crystalloid), to mimic the infusions typically used in gastrointestinal and liver

surgery.

Publication |, titled ‘Multi-organ assessment of compensated cirrhosis patients
using quantitative magnetic resonance imaging’, assessed multiple organs
(heart, liver, kidneys, spleen and splanchnic systemic circulation) in a cohort of
patients with liver disease in a single one hour scan session. This work showed
that quantitative MRI measures have the power to predict negative liver
related outcomes up to 2304 days before the event occurred. Publication I,
titled ‘Variability of Non-invasive MRI and Biological Markers in Compensated
Cirrhosis: Insights for Assessing Disease Progression’ collected multiple organ
(heart, liver, kidneys, spleen) serial quantitative MRI measures annually over a
3-year period in patients with severe but stable liver disease, and reports on
the variability of these MRI measures. In this paper the annual variance in MRI
measures is used to provide sample size calculations for prospective
interventional studies investigating cirrhosis regression. Publication I, titled

‘Short-term changes observed in multiparametric liver MRI following therapy

Vi



with direct-acting antivirals in chronic hepatitis C virus patients’, shows that
guantitative MRI measures of the liver are sensitive enough to observe changes
to liver structure in a 3-month window between pre- and post- treatment of a
direct acting antiviral therapy in patients with chronic hepatitis C virus who
achieved sustained virological response. Publication IV, titled ‘A randomized,
controlled, double-blind crossover study on the effects of isoeffective and
isovolumetric intravenous crystalloid and gelatin on blood volume, and renal
and cardiac hemodynamics’ showed that cardiac and renal quantitative MRI
measures could detect haemodynamic changes over the time course of
different crystalloid and colloid fluid infusion regimes typically used in
gastrointestinal and liver surgery. There were no differences between infusion
types despite the volume of a crystalloid infusion being three times that of one

of the colloid infusions.

These research articles all applied MRI to evaluate abdominal organ physiology

and present novel findings.

Three further co-authored publications are also briefly described. Publication
V, titled ‘Non-invasive assessment of portal hypertension using quantitative
magnetic resonance imaging. Journal of hepatology’ demonstrated that
guantitative structural and haemodynamic MRI measures can be used together
to create a model that predicts portal pressure measurements, so MRI
measures could be used as a surrogate for the hepatic venous pressure
gradient (HVPG) procedure in patients with liver disease. This model was then
applied to a validation cohort as proof of concept. Publication VI,
‘Multiparametric renal magnetic resonance imaging: validation, interventions,
and alterations in chronic kidney disease. Frontiers in physiology’ described a
multiparametric quantitative MRI protocol for the assessment of the kidneys
with recommendations for best practices and short term validation of
measures. Publication VII, ‘In silico evaluation and optimisation of magnetic
resonance elastography of the liver’ used magnetic resonance elastography
(MRE) simulations to evaluate current MRE techniques and offered

optimisations to improve accuracy of MRE data acquisition and analysis.
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Glossary

ADC — apparent diffusion coefficient
AlH — autoimmune hepatitis

ALD — alcohol related liver disease
ALT - alanine aminotransferase
APRI — AST to platelet ratio index
ASL — arterial spin labelling

AST — aspartate aminotransferase
bFFE — balanced fast field echo
BSA — body surface area

CC — compensated cirrhosis

Cl — Cardiac Index

CO — Cardiac Output

CoV — coefficient of variation

DC — decompensated cirrhosis
DWI — diffusion weighted imaging
DTI — Diffusion Tensor Imaging
ELF — enhanced liver fibrosis

FEM — Finite Element Model

FIB4 — fibrosis-4 index

FID — free induction decay

GGT — Gamma-glutamyl Transferase

HA — Hepatic Artery



HBV — hepatitis B virus

HCV — hepatitis C virus

HV — healthy volunteer

HVPG — hepatic venous pressure gradient

INR — international normalised ratio

IR — Inversion Recovery

ISMRM — International Society for Magnetic Resonance in Medicine
IVIM — intravoxel incoherent motion

LA — Long Axis

LRO — Liver Related Outcome

LSM — liver stiffness measure

MELD — model for end stage liver disease

mFFE — multi fast field echo

MOLLI — modified Look Locker inversion recovery
MRI — magnetic resonance imaging

MRE — magnetic resonance elastography

NAFLD — non-alcoholic fatty liver disease

NICE — National Institute for Health and Care Excellence
NMR — nuclear magnetic resonance

NSBB — non-selective beta blockers

PIIINP — procollagen lll amino-terminal peptide
PBC — primary biliary cirrhosis

PCA — phase contrast angiography



PPU — Peripheral Pulse

PSC — primary sclerosing cholangitis

PV — Portal Vein

QIBA — Quantitative Imaging Biomarker Alliance

RABF —renal artery blood flow

RCV — reference change value

RF — radio frequency

ROI — region of interest

SA — Short Axis

SE-EPI —spin echo - echo planar imaging

SMA — Superior Mesenteric Artery

SPA —Splenic Artery

SPIR — spectral presaturation with inversion recovery
TE —echo time

Td —trigger delay

Ti —inversion time

TIMP-1 — tissue inhibitor of matrix metalloproteinase 1
TR —repetition time

UKELD — United Kingdom model for end stage liver disease
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1. Introduction

1. Introduction

1.1 Context of Thesis

The goal of this thesis is to provide an overview of the published works by
Bradley et al. that investigate abdominal multi-organ (liver, kidneys, spleen,
heart, and splanchnic systemic circulation) structure and function in patients
with liver disease and healthy volunteers (HV) using quantitative magnetic

resonance imaging (MRI).

The first publication (Publication 1) evaluated significant differences in multiple
organ structure and function using quantitative MRI between healthy
volunteers, patients with compensated cirrhosis (CC) and patients with
decompensated cirrhosis (DC) [1]. The second publication (Publication II)
studied the year-on-year serial variability of clinical and quantitative MRI
measures in a stable compensated cirrhosis cohort [2], giving insights into
sample size calculations for longitudinal studies, for example for prospective
studies of drugs such as antifibrotics. The third publication (Publication IIl)
aimed to observe whether short term changes in quantitative MRI measures
could be detected in response to antiviral treatment in a chronic hepatitis C
virus (HCV) cohort [3], by collecting MRI scans pre- and <12 weeks post
treatment. The final first author publication (Publication IV) compared peri-
operative fluid balance [4] in healthy volunteers and showed that a smaller
volume of a colloid infusion may be more beneficial than a larger volume of a
crystalloid infusion [5] to some patient groups where water retention can be

problematic and cause oedema within the extra cellular space.

In addition to these first author publications, co-authored publications are also
outlined. The fifth publication (Publication V) used quantitative MRI to create
a model that acts as a surrogate measure for hepatic venous pressure gradient
(HVPG). The sixth publication (Publication VI) provided details of a
multiparametric quantitative MRI protocol for assessment of kidney structure

and function, offering best practices for such a protocol. The final publication
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(Publication VII) used magnetic resonance elastography (MRE) simulations to
evaluate current MRE techniques and offers optimisations to improve accuracy

of MRE data acquisition and analysis.

Section 1 of this chapter provides a brief overview of the function of each of
the organs studied within these works specifically the liver, kidneys, spleen,
systemic circulation and cardiac system. The changes that occur as liver disease
develops and the different aetiology of liver disease are shown. The current
non-MRI reference standard methods used to assess the degree of liver injury
are then outlined, including blood serum markers, biopsy, transient
elastography liver stiffness measurement (LSM), and hepatic venous pressure
gradient (HVPG). Section 2 then provides a classical explanation of the
principles of nuclear magnetic resonance (NMR) and outlines quantitative
magnetic resonance imaging (MRI) techniques used to study abdominal organ
structure and function. Section 3 describes each of the four first author
publications. Section 4 then provides a discussion of co-author publications and
future works based on current literature and conference proceedings
presented by the candidate. Section 5 concludes this thesis. Reprints of
publications 1-VIl and conference proceedings presented by the candidate are

then provided in full.

1.2 Organ Physiology and Pathophysiology

Patients with liver disease are at an increased risk of the development of
circulatory dysfunction that may potentially result in multiple organ failure [6].
Apart from the liver itself, this may affect the heart, kidneys, and other organ
systems as outlined in Figure 1. As changes to various systems within the body
occur as a result of liver disease, a therapeutic window has been proposed for
therapies such as non-selective beta blockers (NSBB), outlining when such a
treatment may have the most optimal positive outcome for a patient [7], see

Figure 2.
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Systemic and splanchnic vasodilatation

|

Hyperdynamic circulation

Cirrhotic multiorgan syndrome

A s

Clrrhotic Circulatory Hepatopulmonary Hepatic Hepatorenal Immunologic Relative
cardiomyopathy dysfunction syndrome encephalopathy syndrome incompetence adrenal insufficiency

Figure 1: Infographic demonstrating changes to multiple organ systems within
the body in response to liver disease, figure taken from [6], License

agreement (Appendix A).
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reserve intact protected impaired

Figure 2: infographic detailing the therapeutic window and optimal time to
treat patients with liver disease with non-selective beta blockers according to

the stage of disease, figure taken from [7], License agreement (Appendix B).
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Three of the published journal articles (Publications I, I, Ill) that form this
thesis probe abdominal multi-organ structural and functional, in particular
haemodynamic, changes in liver disease. Publication IV studies the changes
that occur in cardiac and renal circulation in response to fluids given post

gastrointestinal and liver surgery.

1.2.2 Abdominal organs and their function
Figure 3 shows the abdominal organs studied in this thesis, each of these are

briefly described in the sections below.

Figure 3: Whole body DIXON data 3D rendered with manual segmentation of
the organs studied within the publications in this thesis and example data sets

for each organ.

1.2.2.1 Liver

The liver activates enzymes for metabolising fats, proteins and carbohydrates
within the blood that can then be used by other systems within the body. It is
responsible for the production and excretion of bile that is then stored in the
gall bladder. The liver excretes bilirubin, cholesterol and hormones as well as
storing glycogen, vitamins, and minerals. The liver is unique in that it has both
an arterial and venous blood supply, see Figure 4. Arterial oxygenated blood is
delivered through the hepatic artery arriving from the abdominal aorta, whilst

venous deoxygenated blood arrives through the portal vein from the stomach
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and intestines. When the liver is diseased, several changes may occur from the
presence of inflammation, this includes an increase in liver volume, and if the
disease is chronic then scar tissue may also form within the liver parenchyma.
In the later stages of disease, the vasculature of the liver may change, and
shunting may occur where blood is rerouted directly back into the systemic

circulation system away from the liver tissue capillary bed.

Suprahepatic, .
subcardiac Descending
Vena Cava Aorta

Hepatic Veins __

Hepatic Artery

Portal Vein

Gallbladder

Infrahepatic,
Suprarenal
Vena Cava

Figure 4: Diagram of the liver showing the dual blood supply to the liver
through the Portal Vein and Hepatic Artery, and the Hepatic Veins that leave

the liver. Image taken from © GraphicsRF / AdobeStock (Appendix C).

1.2.2.2 Kidneys

The kidneys filter blood as it arrives from the systemic circulation, with ~80%
of the blood supply delivered to the renal cortex and the remaining ~20%
delivered to the inner and outer medulla of the renal tissue [8]. The kidneys
balance fluid within the body, removing waste water and maintaining the
balance of salts and minerals. Figure 5 outlines the anatomical regions of a
kidney, cortex and medulla and its blood supply with delivery of oxygenated
blood through the renal artery and deoxygenated blood leaving via the renal

vein.
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1.2.2.3 Spleen

The spleen regulates blood within the body, removing dead blood cells from
circulation as well as maintaining white blood cell levels which are crucial for
the fight against infection. Blood supply to and from the spleen is illustrated in

Figure 6.

Renal Cortex

Renal Artery

Renal Medulla | (% - \

Renal Vein

Ureter

Figure 5: Diagram of a kidney, detailing inner and outer regions of the cortex
and medulla, including renal blood supply through a renal artery. Image taken

from © ajibon / AdobeStock (Appendix C).

Splenic Vein

/

Splenic
Artery

Figure 6: Diagram of blood supply to and from the Spleen. Image taken from

© MihaiGr / AdobeStock (Appendix C).

1.2.2.4 Systemic and Portal Circulation

The systemic circulation comprises the blood supply flowing from the heart
around the body to each organ apart from the pulmonary circulation. The
systemic circulation carries blood to and from the liver, and the kidneys, as well

as to the spleen. The portal circulation carries blood from the spleen, and gut

6



1. Introduction

to the liver. In the published works within this thesis, blood flow (ml/s or
ml/min) in the ascending aorta (AA), hepatic artery (HA) and portal vein (PV),
splenic artery (SPA), superior mesenteric artery (SMA), renal arteries (RA) and

renal veins (RV) are evaluated.

1.2.2.5 Cardiac system

The heart is comprised of four chambers divided into two pump like systems
on the left and right, each with an atrium for arrival of blood, and a ventricle
from where blood is pushed out of the heart toward other systems within the
body. The right side of the heart pumps blood through the pulmonary system
to the lungs, and the left side pumps blood through the systemic circulatory
system, outlined in Figure 7.

Pulmonary

Ascending Art
ery

Aorta

Left Atrium
Right Atrium

Right Ventricle \ )\ /T\

Left Ventricle

/ - - >
i wall
Inferior Vena \
Eivd Descending
Aorta

Figure 7: Anatomy of the heart, detailing the left and right side. Image taken
from © okili77 / AdobeStock (Appendix C).

The heart controls the total global blood flow throughout both the pulmonary
and systemic circulations. The volume of blood displaced by the cardiac system
in a single heartbeat is termed the stroke volume. Multiplying the stroke
volume by the number of heart beats in 1 minute (heart rate) gives the volume
of blood pushed around the body within 1 minute and is defined as the cardiac

output. Measures of cardiac output are typically normalized for body surface
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area (BSA) to give cardiac index, which accounts for variations in human

anatomy.

1.2.3 Pathophysiology of Liver Disease

There are many causes of liver disease, some hereditary, others the effect of
lifestyle, and some a combination. In these published works, the most
commonly evaluated liver disease types are non-alcoholic fatty liver disease
(NAFLD), alcohol related liver disease (ALD), and Hepatitis C Virus (HCV), as well
as haemochromatosis, primary sclerosing cholangitis (PSC), primary biliary

cirrhosis (PBC), Autoimmune Hepatitis (AIH), and Hepatitis B Virus (HBV).

NAFLD is caused by a build up fat within the liver tissue. Though the presence
of small amounts of fat within the liver tissue may not be harmful, larger
amounts may lead to inflammation, fibrosis and eventually cirrhosis. ALD is
caused by excessive intake of alcohol, either by consuming large amounts in a
short period of time or moderate amounts over many years. Alcohol impairs
liver function and excessive consumption eventually leads to inflammation and
scarring of the liver tissue. HBV and HCV are both viruses spread through blood-
to-blood contact such as sharing unsterilized needles. Once infected by a
hepatitis virus, if left untreated, inflammation and eventually scarring will occur
within the liver tissue. Haemochromatosis is a hereditary form of liver disease
and causes people to absorb too much iron from their food, the accumulation
of excessive iron over time will damage the liver and other organs in the body.
PSC and PBC are less common and are caused by a reduction in the size of the
bile ducts causing bile to remain in the liver which in turn damages the liver
tissue. PSC is often associated with other inflammatory disease of the colon.
AlH is an autoimmune disorder where the body’s defensive system attacks its
own cells, in the case of AIH the body has attack liver cells. Though there are
many types of liver disease, the severity pathway is consistent across all types,
with changes to steatosis, fibrosis, cirrhosis and finally cancer as shown in

Figure 8.
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> D P
BBttt

healthy steatosis fibrosis cirrhosis cancer

Figure 8: Stages of liver disease severity, from the healthy liver through to a
cancerous liver. Image taken from © Bezvershenko / AdobeStock (Appendix

C).

1.3 Clinical Measures of Liver Disease

1.3.1 Blood Test and Serum Markers

Blood serum markers are a minimally invasive biomarker of liver disease. These
comprise measures of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), platelets, creatinine, bilirubin, sodium, hyaluronic
acid, procollagen Ill amino-terminal peptide (PIIINP), and tissue inhibitor of
matrix metalloproteinase 1 (TIMP-1). Multiple blood serum markers can be
combined to compute scores including the AST to platelet ratio index (APRI)
[9], Fibrosis-4 (FIB4) [10], enhanced liver fibrosis (ELF) [11], model for end stage
liver disease (MELD) [12] and United Kingdom model for end stage liver disease
(UKELD) [13]. MELD and UKELD use blood serum markers but also require an
International normalized ratio (INR), a test to determine how quickly blood
clots. Blood serum markers do not directly assess the liver and as such are non-
specific, so there have been reports of lower accuracy in serum markers than

for other tests [14].

1.3.2 Transient Elastography

Transient elastography (Fibroscan®) is an ultrasound-based technique that can
be used to evaluate liver stiffness within ~ 6 cm diameter cylinder of the liver
at 2.5 — 4 cm depth below the skin surface [15]. The technique is non-invasive
and has no limitation on the number of measures that can be performed. For
each measure a skilled operator typically takes 10 measurements of liver

stiffness, the median of these measures is then computed as the resultant liver

9
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stiffness if the IQR is <30% of the range [16]. Though this technique has been
shown to delineate liver disease [17, 18], it has been shown to have high serial
variability, so LSM should always accompany other markers rather than being
the primary marker of liver disease itself [19, 20]. Higher failure rates are
observed in patients who have large amounts of visceral fat as commonly seen
in NAFLD. An alternative to transient elastography is Magnetic resonance
elastography (MRE), which is a non-invasive technique that combines imaging
with the delivery of low frequency vibrations to the liver to create a stiffness
map. MRE has been shown to be able to evaluate liver stiffness across a range
of liver disease states [21]. MRE is discussed in more depth in Section 4 and

Publication VII.

1.3.3 Liver Biopsy

Liver biopsies are the leading measure of the degree of liver disease injury. A
biopsy is acquired through the abdominal wall or intravenously as a secondary
procedure to a hepatic venous pressure gradient (HVPG) measure. A biopsy is
considered necessary for diagnosis of cirrhosis when transient elastography is
not sufficient according to the National Institute for Health and Care Excellence
(NICE) guidelines for diagnosis and management of cirrhosis in over 16s [16].
The major limitations of a liver biopsy are that this is an invasive procedure, so
not routinely performed serially on patients with liver disease [22] due to the
associated risks. Further limitations come from the sampling error, as only a
small sample of the liver is obtained per biopsy, and interobserver variability

[23-26].

1.3.4 Hepatic Venous Pressure Gradient (HVPG)

Hepatic venous pressure gradient (HVPG) is the reference standard for
evaluating portal pressure, a catheter is inserted through the jugular vein,
through the right atrium of the heart, to the hepatic vein where a balloon is
inflated and mercury movement is scored. The median of three measures is
taken as the resultant portal pressure in units of mmHg [27]. Limitations of the
HVPG procedure are that the measurement is highly invasive and so there is
reluctance to perform serial measures of HVPG. Further, the procedure itself

10
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can only be undertaken at few specialist hepatology centers by skilled
operators [28]. In Section 4, Publication V outlines a surrogate measure of

portal pressure using quantitative MRI.

11



2. Magnetic Resonance Imaging (MRI) Overview

2. Magnetic Resonance Imaging (MRI) Overview

Nuclear magnetic resonance (NMR) imaging of the abdomen was first achieved
in 1977 [29], cutting edge at the time, this provided a crude 4cm thick single
slice in a 40-minute acquisition time. After decades of hardware and imaging
sequence developments, it is now possible to achieve much higher spatial
resolution and acquire multiple slices within a single short breath hold to assess

guantitative measures of organ structure and function, see Figure 9.

13 APRTE NO 10

Figure 9: A) Transverse cross sectional NMR image of the abdomen taken

from [29], License agreement (Appendix D). B) Transverse cross sectional

NMR image of the abdomen acquired at the Sir Peter Mansfield Imaging
Centre in 2022.

In this section the basic principles of NMR and MRI are briefly outlined. Specific
examples are provided of how MRI can be applied to study the abdominal

organs within the context of the publications in this thesis.

2.1 Principles of Nuclear Magnetic Resonance — Classical Explanation
Nuclear magnetic resonance is an observed phenomenon that is dependent on
the composition of subatomic particles of atoms. Only select atomic nuclei with
spin (/) can experience nuclear magnetic resonance. Nuclei possess half integer
“spin” if the sum of constituent nucleons of a nuclei give an odd number,
resulting in nuclei of resultant spin of 1/2, 3/2, or 5/2. Nuclei with such intrinsic
properties include hydrogen (*H), Carbon (*3C), fluorine (*°F), sodium (**Na),

and phosphorous (3!P), see Table 1. Nuclei may also possess even mass and be

12
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composed of an odd number of protons and neutrons giving rise to integral
spin. Examples of spin / = 1 nuclei are deuterium (2H) and *N. Fortunately,
hydrogen (*H) has the highest NMR sensitivity of all nuclei due to its high
gyromagnetic ratio, and is the most abundant nucleus, being found in water

which makes up approximately 70% of the human body.

Nucleus Spin (1) Natural Abundance Gyromagnetic
(%) Ratio, y (MHz/T)
Hydrogen (*H) 1/2 99.95 42.58
Deuterium (2H) 1 0.00015 6.54
Carbon (*3C) 1/2 1.11 10.71
Nitrogen (**N) 1 99.64 3.077
Fluorine (*°F) 1/2 100 40.10
Sodium (?Na) 3/2 100 11.26
Phosphorus 1/2 100 17.24
(ip)

Table 1: Common nuclei and their spin, natural abundance and gyromagnetic

ratio, y.

Spin causes the nuclei to behave like tiny rotating magnets. The magnetic
moment () of a spin is given by Equation 1, where y is the gyromagnetic ratio
and J is the spin angular momentum. The gyromagnetic ratio is a constant,
unique for a given nucleus (see Table 1), and for 'H this takes a value of 2.68 x

108 radsIT-1 or 42.58 MHz/T.

Equation 1:

u=yl

When nuclei with a magnetic moment, g, are placed in a large external
magnetic field B (often termed Bo), their magnetic moment aligns with the
direction of the field. However, because the nucleus is spinning, the resultant
movement is not simply an alignment with the external magnetic field, but
results in precession of the magnetic moment about the external magnetic field
(like a gyroscope), as shown in Figure 10 and described mathematically in

Equation 2.

13
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X Y

Figure 10: Precession of the magnetic moment, x4, about the externally

applied magnetic field (B or Bo).

Equation 2:

du
— = X B
dt YH

The frequency of precession about B is termed the Larmor frequency, wo, and

is given by Equation 3.
Equation 3:
wo = YBy.

For H (water) in an external magnetic field Bo of 1.5T and 3T (typical field
strengths of clinical MR systems), the Larmor frequency is 63.86MHz and
127.72MHz respectively.

The magnetic moment possesses Spin angular momentum, J. This is a vector
quantity with magnitude given by |J| = hm where [ is the spin
guantum number, and A is Plank’s constant divided by 2m. There are (2/ +1)
eigenstates (spin states) related to the magnetic spin quantum number, m;.
This reflects the fact that the orientation or direction of angular momentum is
quantised. For a proton for which / = 1/2, m; can take the values of + 1/2. The
potential energy of a magnetic moment inside an external magnetic field is
given by E = —u - B which for protons means there are two possible energy

levels, termed the Zeeman energy levels, dependent on whether the spins are

14
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aligned along the field (m,=+1/2 or spin T) or against the field (m,=-1/2 or spin
).

In @ human there are millions of spins which are distributed between the
Zeeman energy levels according to the Boltzmann distribution given by

Equation 4.

Equation 4:

— —¢ kT = ¢ kBT
ny

where kg is the Boltzmann constant. This gives rise to a net longitudinal

magnetisation (M) along the z-axis given in Equation 5.
Equation 5:

1N (hy)?B,
4 kgT
where, N is the total number of spins. Note that the net magnetization is
proportional to the external magnetic field, Bo, so a higher external magnetic
field results in a larger net magnetisation, M. The net magnetisation is also

inversely proportional to temperature (7).

Nuclei experience a resonant phenomenon that is dependent on the large
external magnetic field, as described in Equation 3. But when *H nuclei are
bound to more complex molecules where multiple hydrogen atoms are
present, such as in hydrocarbon chains that make up substances such as fat,
the interaction between chemically bound H atoms within the molecule
causes a very small change in the resonant frequency (Figure 11), known as the
chemical shift, §. The chemical shift is measured in parts per million and is given
by Equation 6 where Ugqppe is the absolute resonant frequency of the sample
and Upeference 1S the absolute resonant frequency of a reference compound.
The chemical shift of fat is 3.5ppm compared to water leading to a frequency

shift of 150Hz/T or 220Hz at 1.5T and 440Hz at 3T.
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Application of a time varying radiofrequency (RF) magnetic field (B;) matched
to a nuclei’s specific resonant frequency will cause the spins to precess around
the direction of the applied B; field as shown in Figure 12. Energy will be
absorbed following the RF pulse giving rise to a small re-emitted radio
frequency magnetic field, it is this that forms the NMR signal known as the free

induction decay (FID).

Signal
150Hz/T
Water
peak
Fat
peak
Frequency
42.6MHz/T
(4.26ppm)

Figure 11: Diagram of 'H spectra within liver tissue showing that the resonant

frequency of fat is shifted by 150Hz/T from that of water.

AB/
’ 7
X Y X Y
Figure 12: A) The laboratory frame of reference when observing u precess
about the Bofield. B) When an external time varying radiofrequency is applied
(B1) at a frequency that exactly matches the Larmor frequency, a much slower
precession occurs about the direction of the applied field (B1). This is shown

here in the rotating frame of reference (x’, y’, z) which allows the direct

observation of the effect of B1 on the magnetic moment, .
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Equation 6:

Usample - Ureference

o=

Ure ference

Following an RF pulse of 90°, the spins are knocked into the transverse plane
(Myy) and then precess at the Larmor frequency. The signal emitted from the
spins decays exponentially with the transverse relaxation time T>* with the
signal termed the Free Induction Decay (FID), back toward the equilibrium state

in which no spins are aligned in the transverse plane, as shown in Figure 13.

—NMR signall|
- T2* decay |

xy)

Signal in transverse plane (M

Time

Figure 13: Schematic of the Free Induction Decay (FID) after a 90° RF pulse
showing the signal oscillating at the Larmor frequency with an exponential

decay given by the T>*.

T, is the spin-spin time constant or the transverse relaxation time and is the
"natural" or "true" T, of the tissue being imaged. It is affected by the degree of
coupling with adjacent hydrogen atoms which alters the precession rate
causing decay of signal as spins become more and more out of phase. T>* can
be considered an "observed" or "effective" T,, T>* results principally from
inhomogeneities in the main magnetic field. These inhomogeneities may be
the result of intrinsic defects in the magnet itself or from susceptibility-induced
field distortions produced by the tissue or other materials placed within the
field. To* is always less than or equal to T, as described in Equation 7 where T,

is the relaxation term corresponding to field inhomogeneities.
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Equation 7:

1 1+ 1
T, T, T,

Following an RF pulse that completely inverts the magnetisation in the
longitudinal plane (M), the recovery of the magnetization along the
longitudinal plane back to the equilibrium magnetisation My is governed by the
longitudinal relaxation time constant T, see Figure 14. T1 is also known as the
spin-lattice or longitudinal time constant and is mostly affected by chemical
bonds within the molecules surrounding the resonating hydrogen atom, as
spins return to a low energy equilibrium state, RF energy is released back into

the surrounding lattice.

Both T1 and T2 are phenomenological, unique to the substance that the 'H
atoms (or other nuclei with spin) are present in. In human tissues, both T; and
T, are longer when more water (hydrogen) is present. T; is also dependent on
the field strength, being longer at higher field strength, with the typical T1 of
healthy abdominal tissues given in Table 2 [30]. While T2/T>* will reduce with

field strength and typical abdominal tissues values are given in Table 3.

Organ 1.5T (ms) 3T (ms)

Liver 586 + 39 809 +71
Spleen 1057 £ 42 1328 +31
Renal Cortex 966 * 58 1142 + 154
Renal Medulla 1412 +58 1545 + 142

Pancreas 584 + 14 725+ 71

Table 2: T1 relaxation time of abdominal organs at 1.5 and 3 T, taken from

[30].
Organ 1.5T (ms) 3T (ms)
Liver 46+ 6 3414
Spleen 79+15 61+9
Renal Cortex 87+4 76+7
Renal Medulla 85+11 81+8
Pancreas 46+ 6 43 +7

Table 3: T, relaxation time of abdominal organs at 1.5 and 3 T, taken from

[30].
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Figure 14: Inversion recovery curve for a sample with a longitudinal relaxation

time of 1500 ms.

In liver disease, T1 of the liver is observed to increase with disease severity [31].
Hepatic Iron content has been shown to increase as a side effect of liver
disease, iron present within imaging voxels will cause more field
inhomogeneity which in turn will cause a shortening of the transverse T>*
decay [32]. Longer T, and therefore T,* decays are observed in tissue where
inflammation is present [33], so when considering T>* as a marker of liver
disease it is important to consider the effect of both the presence of iron and

inflammation.

2.2 Magnetic Resonance Imaging

NMR measures the signal from a large (whole volume) that has not been
localised. Magnetic resonance imaging (MRI) works to spatially localise this
signal using magnetic field gradients (Gx, Gy, G;) to impart spatial sensitivity on
the frequency and phase of the spins. This is illustrated in the pulse sequence
diagram of a simple gradient echo imaging sequence shown in Figure 5. Here
slice selection, frequency encoding and phase encoding are used to form an

image.

First, slice selection is performed to excite a specific volume in a given plane

(slice) of known thickness. This is achieved by applying a RF pulse together with
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a slice-select gradient (G;) along an axis perpendicular to the plane of the
desired slice, resulting in a linear variation of resonance frequencies in the slice
direction. A specially tailored RF-pulse is applied simultaneously with the slice-
select gradient, whose frequency components match the narrow range of
frequencies contained in the desired slice. Having selected a slice, the
application of a magneticfield gradient in the frequency encoding direction (G))
will spatially alter the By field and in doing so will alter the resonant frequency
of nuclei present in the field in a spatially dependent manner, this is known as
frequency encoding. By applying a phase encoding gradient (Gx) perpendicular
to the frequency encoding applied gradient field, the phase of the nuclei will

rely on another spatially changing gradient field, as shown in Figure 15.

Whole volume
I T signal knocked 90°

RF >

slice
G, — =

h
pG ase %

X

frequency A
G ’ L ) N

y

Figure 15: The application of gradient fields in the three orientations to
spatially encode data. Slice selection (G;) is applied from foot-head to
generate an axial slice, which is encoded in-plane using the phase (Gx) and

frequency (Gy) encoding gradients.

20



2. Magnetic Resonance Imaging (MRI) Overview

90°

RF

Rapid dephasing and rephasing caused by
opposed frequency encoding gradients

Slice (G,)

Phase (G,)

Frequency (Gy)

NMR
signal

Time T T
start TE
Figure 16: Schematic of spin vector alignment during a gradient-echo
acquisition showing spin dephasing after a 90° RF pulse and further rapid
dephasing after an applied gradient field (Gy) with rephasing after an opposed
gradient field (Gy) is applied to acquire an echo in a short acquisition time, the

echo time (TE) is the time between the 90° RF pulse and the returned echo.

By applying RF pulses and gradients at specific timings in a given pulse
sequence, gradient or spin echo schemes are formed for spatial encoding,
resulting in spatial signal intensity maps forming an image with various

contrasts. A gradient echo is formed by applying a single RF pulse followed by
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a dephasing and immediately after rephasing gradient field within the FID to

obtain a gradient echo as shown in Figure 16.

Alternatively, a spin echo can be formed by applying a 90° RF pulse followed by
a 180° RF pulse at a time 1 later to rephase the spins to form a spin echo, as

shown in Figure 17.
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Figure 17: Schematic of spin vector alignment during a spin-echo acquisition
showing spin dephasing after a 90° RF pulse and then rephasing after a 180°
RF pulse at a time (TE/2) later. Note the slice select gradient (yellow) applied
during the 180° pulse is reversed compared to the z-gradient applied during
the 90° pulse to dephase the signal from the fat [34], this is important in
abdominal imaging and has been used for all abdominal imaging in the

published works in this thesis.

Within the publications that form this thesis, both gradient echo (fast field echo
(FFE) as named on the Philips systems) and spin-echo echo planar imaging (SE-

EPI) are used to collect measures within the abdomen. The choice of the
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specific imaging readout is discussed in the sections below. Within the
abdomen, an image will show different signal intensities across the different
abdominal organs due to their unique tissue structure resulting in differing T1

and T»/T>* relaxation times.

2.3 MRI of the abdomen

One of the main challenges of applying MRI in the abdomen is respiratory
motion. As a result, each imaging sequence in this thesis is acquired either using
a breath hold to fit the scan within a length of time that a patient can tolerate,
so of ~20 seconds or less, or it is collected respiratory triggered by placing
respiratory bellows around the participants chest to track inhalation and
exhalation. To help to achieve the image acquisition in a reasonable time,
image acceleration can be used to speed up the image acquisition, for example
applying sensitivity encoding (SENSE) implemented on the Philips scanners
[35]. Respiratory triggering uses the bellows to allow a small part of the data
acquisition to be captured at a given matching phase of the respiratory cycle.
Respiratory triggering is often easier for patient populations who may have
difficulty complying with multiple breath holds. A third option is to perform
free breathing with navigator triggering based on the signal fluctuation in a
given ROl in the image (typically a 1-dimensional profile of the sharp signal
transition between the lung and liver, which can be monitored prospectively
using an edge-detection algorithm) and then the image is acquired within a
predetermined window. After respiratory motion considerations have been
made in the data acquisition, further steps are often required during analysis

to realign or discard mismatched or mis-triggered images.

When imaging the abdomen, further challenges exist resulting from tissue
interfaces and abdominal gas that can cause magnetic field inhomogeneity
(ABo) and magnetic susceptibility artefacts in images. In larger subjects, imaging
of the abdominal organs also requires a larger field of view (FOV) which can
increase both the breath hold time and pose difficulties of shimming to achieve

a homogeneous By field over such a large volume, as well as having sufficient
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fat suppression. Further, a homogenous B; field is also required, which can be

enhanced using adaptive RF shimming on the Philips scanner.

Cardiac imaging provides challenges as not only does the respiratory motion
need to be considered but also the cardiac motion. To account for this, images
are typically acquired using either a vector cardiogram (VCG) or the peripheral
pulse (PPU) device to trigger from the cardiac motion, along with the data being

acquired in a breath hold.

The data within these publications was all acquired on either a 1.5T or 3T Philips
Achieva scanner located at the Sir Peter Mansfield Imaging Centre (SPMIC),
University of Nottingham. The techniques used in these published works
include T1 mapping, T2 and T>* mapping, arterial spin labelling (ASL), phase
contrast angiography (PCA), diffusion weighted imaging (DWI), and cardiac cine

MRI. These techniques are described below.

2.3.1 Longitudinal Relaxation time (T1) Mapping

Longitudinal relaxation time T1 has been shown to be a promising parameter
for the assessment of microstructure in abdominal tissues [36—41]. In general,
T1 is lengthened in tissue where there is the presence of inflammation and

fibrosis.

In the publications within this thesis, T1 is mapped within the abdominal organs
using a respiratory triggered inversion recovery scheme. This is performed by
applying a pulse sequence which uses a non-selective adiabatic inversion pulse
followed by the sequential acquisition of multiple spin-echo echo-planar
imaging or balanced fast field echo slices through the organ of interest at an
inversion time (Ti) after the inversion pulse, with each slice being separated by
a temporal slice delay (Tsuce). After the images have been acquired, a repetition
time (TR) allows the longitudinal signal to fully return to equilibrium, this
recovery time needs to be in the order of 5 x T1and so in this work requires a
TR of >8s meaning this is typically two respiratory cycles (see Figure 13). This
process is repeated for multiple different inversion times in order to build up

images with signal intensities that correspond to a number of points on the
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inversion recovery curve. To ensure the abdominal images collected at the
different Tis are aligned, the images are acquired using respiratory triggering.
The trigger is taken at the peak of the inhalation respiratory trace and a trigger
delay (Td) is applied before the inversion pulse. The value of Td is changed for
each Ti so that all images are acquired at the same phase of the respiratory

cycle (i.e. for long inversion times a short Ty is used, whilst for short inversion

il

times a long Tq is used) as shown in Figure 18.

el

Legend
~""Respiratory trace
vy Trigger point I Start of readout scheme
mp Trigger delay (Td) Wi Acquired slices
v Inversion pulse Minimum repetition time (TR)

Figure 18: Schematic of the respiratory triggered inversion recovery scheme
showing that the imaging readout always occurs at the same phase of the
respiratory cycle by varying the trigger delay (Td) and inversion time (Ti). Gaps
between red arrows demonstrate the temporal slice spacing (Tsuice). A
minimum repetition time (TR) allows for the inverted signal to fully recover

before the next inversion pulse.

To assess liver microstructure this respiratory triggered inversion recovery
scheme was used either with a SE-EPI readout (Figure 19) comprising 9 axial
SE-EPI slices collected in a sequential order with fat suppression using spectral

presaturation with inversion recovery (SPIR) prior to each excitation pulse, or a
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balanced Fast Field Echo (bFFE) readout (Figure 20) comprising 3 sagittal slices
(Publications 1, ll, V). For the SE-EPI acquisition, images are acquired in both
foot-to-head and head-to-foot slice order to increase the dynamic range of
inversion times (Figure 21, Publication lll, Conference Proceedings B, D, E). In
the SPIR scheme, a fat selective spectral RF pulse is applied which inverts only
the longitudinal signal from the fat and after a short time at the null of the fat
signal the SE-EPI imaging readout is applied to collect the signal from the water
signal only, a spoiler gradient after the inversion dephases any fat signal that
was not perfectly inverted. Fat suppression is needed for accurate estimation
of liver Ty, as signal from the fat in the imaging readout will alter the measured

Ty within the liver [42, 43].

Fat selective 180° 90° 180°
RF l 2
Slice (G,) —- ‘ - >
Spoiler gradient
Phase (G,) o DERRRENR

Spoiler gradient

Frequency (Gy) - . .H-—>
NMR signal nﬂ“* W»
L

Time
Tt—T ! |
SPIR Start imaging readout TE

\ 4

Figure 19: A pulse sequence diagram of a spin-echo echo planar imaging
scheme (SE-EPI). This technique is advantageous for T1 measurement as
multiple slices can be acquired quickly after the inversion pulse with a short
temporal slice spacing, and a SPIR scheme can be added prior to the readout

to suppress signal from fat.
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Figure 20: Pulse sequence diagram of a balanced fast field echo (bFFE)
readout. The three gradient fields have equal and opposite gradients around
the returned signal resulting in a net zero magnetisation, TE = TR/2 where TR

<< Ts.

For SE-EPI, if no fat suppression is applied then, because of the shorter T; of
fat, the measured liver tissue T1 would be shortened in fatty liver due to the
partial voluming effect. For a bFFE readout, there is a more complex effect of
fat [42], as a bFFE sequence causes water and fat signals to have opposite phase
when the repetition time (TR) is ~2.3 ms at 3T due to the chemical shift of the
fat signal being around 3.5 ppm from water (See Figure 11) which corresponds
to ~440 Hz, a TR of 1/440 = 2.23 ms. Thus, in voxels that contain both fat and
water, the T1 measurement is influenced by the choice of TR and off-resonance
effects. This can both increase and decrease the measured T1 of the tissue
depending on the off-resonance and TR, see Figure 22. For example, at 3T,
using a bFFE sequence with TR of 2.3 ms results in a higher measured Ti in
subjects with high lipid content than low, which must be taken into account if

aiming to study underlying inflammation/fibrosis.
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Figure 21: Spin echo EPI datasets acquired at different inversion times (X) for
readouts with slice ordering in the foot-to-head and head-to-foot order.
Images are shown taking into consideration the temporal slice spacing

between the given slices.
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Figure 22: The effect of chosen TR of the bFFE readout on T1 measured using
MOLLI from water and margarine samples, taken from[42], License

agreement (Appendix E).

Having collected inversion recovery data at a range of inversion delays (Tl), the

T1 data is then fit on a voxel-by-voxel basis across all Tls to compute T1 maps

using Equation 8.
Equation 8:

—TI/
S(TH =S,(1—2e M)
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Equation 8 assumes a 100% efficient inversion pulse is achieved using an
adiabatic inversion pulse. Publication V compares both bFFE and SE-EPI

readouts for an inversion recovery scheme to estimate T; in the liver.

To assess renal and spleen microstructure the same respiratory triggered
inversion recovery scheme was used in this thesis. For renal T1, a bFFE readout
was used but data was collected in a coronal oblique orientation through the
long axis of the kidney (Publications I, Il, IV, V). Spleen T1 values were assessed
in Publications I, Il using a coronal oblique bFFE readout and in Publication lli,

and Conference Proceedings B, D, E using an axial SE-EPI readout.

2.3.2 Transverse Relaxation Time (T2 and T2*) mapping

T»* mapping has been shown to accurately predict hepatic iron content [44].
T, mapping has been shown to correlate with hepatic inflammation [33]. In
Publication Ill, T, and T,* mapping was applied to assess degree of

inflammation of the liver in response to drug intervention.

For T2 mapping, a spin-echo echo planar imaging image readout was used with
9 axial slices that geometrically matched the axial T slices. Six echo times of TE
=27, 35, 42, 50, 60, 70 ms were acquired using respiratory triggered scans to

assess the transverse signal decaying within the liver tissue (Publication IlI).

The T,* mapping used multi-fast field echo (m-FFE) data with 12 echoes with 9
geometrically matched axial slices to the T1 mapping scheme. The first echo
time of the twelve was 2.5ms and subsequent echoes were collected at 2.5ms
intervals. T2 and T,* data were fit to Equation 9 on a voxel-by-voxel basis. An

example T,* decay is shown in Figure 23.

Equation 9:

—TE/ .
S(TE) = Soe T;
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Figure 23: Example echo times of the liver T,* data and the signal decay from

the liver with a fitted T,* value of 20ms.

2.3.3 Phase-Contrast MRI

Phase contrast MRI (PC)-MRI is a method used to evaluate the velocity of
moving blood within vessels and from this together with the vessel cross
sectional area, blood flow can be calculated. In PC-MRI a velocity encoding
bipolar gradient field is applied in the direction perpendicular to the imaging
plane. Spins moving through the imaging plane will experience dephasing and
rephasing as a result of these equal and opposite gradient fields being applied.
Because the spins are moving within the blood this will result in a net velocity
dependent phase shift (¢) as shown in Figure 24, whilst any static spins have

zero phase shift.

Since the net phase shift of the moving spins is proportional to the velocity it
can be used to quantify the velocity of the blood as shown in Equation 10,
where v represents velocity and M; represents the product of the gradient
amplitude and time of application of the gradient field. It is beneficial to
optimise the velocity encoding (Venc) gradient so that there is a sufficient
dynamic range of the phase shift and thus flow measures. In these publications,

the blood vessels and their specific chosen Venc are shown in Table 3, where
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peak velocity was higher than the chosen Venc the sequence was reran with a

higher selected Venc to avoid phase wrap within the blood vessel of interest.

Magnitude data Phase data

Phase of spins

-

Static spins

Figure 24: Effect of a bipolar velocity encoding gradient used in PC-MRI. This
results in dephasing and rephasing of moving spins and a resultant phase shift
which is velocity dependent, whilst stationary voxels have no net phase shift.

Magnitude and phase PC-MR images are shown.

PC-MRI acquires a snapshot of velocity at a single timepoint during the cardiac
cycle. To gain information about global flow through a blood vessel, multiple
images (phases) must be acquired at different time points of the cardiac cycle.
In all the publications that form this thesis, data is retrospectively cardiac gated
and continuously acquired after each heartbeat during a 15-20 second breath
hold for a predetermined number of phases (15-20). The scanner software bins
the images and selects those acquired at evenly distributed time points over
the cardiac cycle to return. This data can then be interpreted by drawing an ROI

around the vessel of interest, for example using a ViewForum workstation
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(Philips, Best, The Netherlands). The ROl is drawn on a phase where the cross
section of the vessel appears most circular (subject to the operator’s
determination), this ROl is then propagated to all phases using Philips’ vessel
tracking software and copied onto the corresponding phase data. A velocity
profile over the cardiac cycle can then be computed which is used in
combination with the cross-sectional area of the vessel (area of the ROI) to

compute blood flow through each vessel.

Equation 10:
¢ = —yvM,

Vessel Vene (cm/s) Publication
ascending aorta 200 L1, 1V
superior mesenteric | 140 [, 11, 1l
artery
hepatic artery 100 [, 10, 1l
splenic artery 100 [, 10, 1l
renal artery 100 [, IV
renal vein 50 v
portal vein 50 [, 11, 1l

Table 3: Velocity encoding (Venc) values used for specific arteries and veins

used in the published works in this thesis.

2.3.4 Arterial Spin Labelling

Arterial spin labelling (ASL) is used to assess organ perfusion in all of the
published works of this thesis. The specific method used is the pulsed ASL Flow-
sensitive Alternating Inversion Recovery (FAIR) technique. In this scheme,
inflowing blood is magnetically labelled with an adiabatic inversion pulse and
then imaged within the imaging plane of the tissue of interest at an inversion
time (TI) later. This Tl time needs to be sufficiently long enough for the inverted
blood to travel to and perfuse the capillary bed of the tissue of interest in the
imaging plane. ASL data is collected in pairs, with a ‘label’ image as described
previously, and a ‘control’ image also acquired with a slice selective inversion
pulse in which the inflowing blood is fully recovered (Figure 25 for kidney ASL,

Figure 26 for liver ASL). The subtraction of the non-selective from selective
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image generates a perfusion weighted difference image. The effect of post

label delay can also be observed as in Figure 27 [45].

*— Global inversion (Label)

Imaging plane

Slice selective inversion
(control)

Coronal view Sagittal vie

¥
proe |

Figure 25: Orientation of ASL data acquired to obtain perfusion
measurements of the kidneys, a coronal oblique slice is shown passing
through the long axis of both kidneys, the ‘label’ is a non-selective inversion
whilst the selective inversion pulse avoids inverting any blood in the aorta for

the acquired ‘control’ image.

Because the signal-to-noise ratio (SNR) of ASL is low, due to a typical ASL
perfusion weighted signal change of 1 — 3 % dependent on the organ of
interest, many ASL label-control pairs are acquired, their subtractions are
averaged together to create an average perfusion weighted (PW) difference
image. Each voxel in this PW difference image is then quantified using a kinetic
model [46] as described by Equation 11 to compute tissue perfusion (f) maps

in units of ml/100g/min.
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Figure 26: Orientation of ASL data acquired to obtain perfusion
measurements of the liver, a sagittal slice is shown passing through the right
lobe of the liver, the ‘label’ is a non-selective inversion whilst the selective
inversion pulse avoids inverting any blood in the aorta and portal vein for the

acquired ‘control’ image.

Equation 11:
f ePLD/T1,app — ePLD/TLblood
AS(PLD) = 25,3 T Y
Tl,blood Tl,app
where,
1 1

Ty,app T, 2

T1,blood is @assumed to be 1.36s at 1.5T and 1.55s at 3T [47], and the blood-tissue
partition coefficient, A, is assumed to be 0.8 ml/g. ASL is applied to abdominal

organs in Publications I,ILIILI1V,VI.
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Figure 27: The effect of chosen Tl on the perfusion weighted signal of the
kidney, the plot shows an ROI within the renal cortex and the associated fit to

Equation 10 with a resultant perfusion value of 200 mI/100g/min.

2.3.5 Diffusion Weighted Imaging

Diffusion weighted imaging (DWI) is a technique used to assess the random
Brownian motion of water within a voxel that contains tissue cells or
extracellular space. In the presence of fibrosis diffusion of water molecules is
hindered, reducing the measured MR diffusion parameters. To measure
diffusion, strong gradients are applied symmetrically on either side of a 180°
pulse, typically in three perpendicular directions, as shown in Figure 28,

although more directions are used for diffusion tensor imaging (DTI).

The degree of diffusion weighting is determined by the duration of the applied
diffusion gradient (8), the time interval between the diffusion gradients (4) and
the amplitude (G)). The combination of these factors generates the b value, see

Equation 12.
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Figure 28: Pulse sequence diagram of a spin-echo echo planar imaging
diffusion weighted imaging scheme where the dephasing and rephasing
diffusion gradients are shown in red. Note that these gradients have the same
polarity because of the 180° pulse between them. In diffusion weighted
imaging the scheme is then repeated with the diffusion gradient applied along
each perpendicular direction. The three acquired images are averaged

together to represent global diffusion weighting in all 3 planes.

Equation 12:
b= y?G282(A - 9/3)

The faster the diffusion, the more attenuated the signal will be, this is more
clearly observed at larger b-values. To estimate diffusion properties of tissues,
images are collected at multiple different b-values. In the published works in
this thesis, diffusion weighted images are acquired using a respiratory triggered
scheme. Modelling of the decay in diffusion signal removes inherent T;
weighting within the image itself. Note that the higher the b-value the longer
the echo time to allow the diffusion gradients to fit. Data is then fit on a voxel-

by-voxel basis across the b-value images using Equation 13 to yield apparent
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diffusion coefficient (ADC) maps. ADC is very sensitive to subtle changes in
microstructure and is used in Publication IV, though other parameters of
diffusion (D), pseudo diffusion (D*) and perfusion fraction (PF) were analysed,
data showed no significant differences and so was not shown. In Publications
IV, the b-values used were 0, 5, 20, 60, 120, 190, 270, 370, 470, 580, 700 s/mm?
to provide a good b-value range of diffusion weighted images for ADC

computation, representative images are shown in Figure 29.

Equation 13:
— —-b.ADC
S(b) = Sye
1 . .
—fitted diffusion signal decay
% renal cortex tissue signal acquired at b-value
0.8
2
206
b
£
g
‘90.4
wn
0.2
0
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diffusion weighting {simmz)
b=0 5 20 60 120 190 270 370 470 580 700

Figure 29: Example diffusion weighted b-value images of the kidney, and an
example decay curve in the renal cortex with resultant measured ADC of 2 x

103mm?/s.

2.3.6 Cardiac cine MRI

Cine MRI is used to assess cardiac function. Typically, a 2 chamber and 4
chamber cine are first collected, as shown in Figure 30. This is then followed by
cine imaging of multiple slices of the short axis of the left ventricle over time,
as shown in Figure 30. The images are retrospectively cardiac gated in the same

way as PC-MRI. Multiple images are then reconstructed at different phases of
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the cardiac cycle. In Publications I, ll, IV, 12 slices were acquired through the
short axis of the heart with 30 phases across the cardiac cycle, for this
acquisition 3 slices were collected in each 15-20 s breath hold. In Publications
1, Il left ventricle (LV) wall mass index is used as a marker of cardiac function. A
ViewForum workstation (Philips, Best, The Netherlands) was used to analyse
the cardiac data for LV wall mass by manually segmenting the cardiac muscle
on the end diastole slice with the software propagating contours to other
cardiac phases. Then, LV wall mass index (g/m?) was computed by correcting
for body surface area (BSA). Using the ViewForum workstation, cardiac output
(CO) was computed from the same data based on the change in the blood pool
within the left ventricle on the short axis data over the course of the acquired
cardiac cycle phases. Cardiac output can then be corrected for BSA to yield

cardiac index (Cl).

i

Left ventricle short axis stack

Figure 30: 2 and 4 chamber cine datasets used to plan a 12-slice short axis

stack cine dataset for which 30 phases are collected across the cardiac cycle.
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3. Overview of published works

Quantitative MRI has the capability of evaluating both structure and function
of multiple organs within a single scan session, providing a comprehensive
assessment of potential comorbidities within a patient group. The following
sub-sections provide an overview of each of the first author published works

that form this thesis.

3.1 Using MRI to delineate liver disease and predict outcome

In Publication I: Bradley et al., 2018, the structure and haemodynamic function
of multiple organs are evaluated in three participant groups; healthy
volunteers, patients with compensated cirrhosis and patients with

decompensated cirrhosis.

Advancing liver disease results in deleterious changes to critical organs, as
shown in Figure 1. The aim was to establish the feasibility of performing a single
MRI scan to assess the changes to multiple abdominal organs resulting from
compensated cirrhosis, and to assess if baseline MRI can be used to predict
disease severity, by studying future liver-related outcomes up to 6 years after

the baseline MRI scan.

60 patients with compensated cirrhosis, 40 healthy volunteers and 7 patients
with decompensated cirrhosis were recruited to the study. In a single 1-hour
scan session, MRI measures were evaluated comprising blood flow in renal,
liver, and splanchnic abdominal vessels; perfusion of the liver, spleen and renal
tissue; liver, spleen, and kidney longitudinal relaxation time T1; cardiac index;
and volume assessment of the liver, spleen, and kidneys. The association
between MRI parameters and disease severity was explored. 11 (18%) of the
60 patients with compensated cirrhosis cohort experienced a liver related
outcome at some time after their baseline MRI scan, differences between this
group and those remaining in the stable compensated cirrhosis group were

evaluated.
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In compensated cirrhosis, structural changes were observed in the liver,
reflected by increased Ti with progressive disease (p <0.001) as well as an
increase in liver volume when compared to healthy volunteers (p = 0.006). This
was also associated with a progressive reduction in liver (p <0.001) and splenic
(p <0.001) perfusion. A significant reduction in renal cortex T1 and increase in
both cardiac index and superior mesenteric arterial blood flow was seen with

increasing disease severity as shown in Figure 31.
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Figure 31: Infographic to pictorially illustrate the changes in critical organs

(heart, liver, splanchnic and kidney) demonstrated in this study of
contemporaneous MR measures in compensated and decompensated

cirrhosis [1], License agreement (Appendix E).

Baseline liver T1 (p <0.01), liver perfusion (p< 0.01), and renal cortex
longitudinal relaxation time T1 (p < 0.01) were shown to be significantly

different in patients with compensated cirrhosis who subsequently went on to
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develop a negative liver related outcome (LRO) compared to those who did not

have an outcome (Figure 32).
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Figure 32: Kaplan-Meier survival analysis showing the tertile cut-off for liver
perfusion (A), liver tissue T1 (B) and renal cortex T1 (C) for a negative liver
related clinical outcome which occurred up to 2304 days after the baseline
MRI scan in the compensated cirrhosis patient group [1], License agreement

(Appendix E).
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The main outcome of this work was to demonstrate that MRI enabled the
contemporaneous assessment of both the structure and function of multiple
organs in participants with liver cirrhosis in a single 1-hour scan session without
the requirement for any contrast agent. This work also showed that baseline
MRI measures of liver perfusion and T1 as well as renal cortex T1 can predict

longer term negative liver related clinical outcomes.

3.2 Serial Variation in MRl measures in stable compensated cirrhosis
Knowing the expected variation in a quantitative MRl measure (repeatability)
is key to the interpretation of measures taken at different points in time, for
example in disease monitoring and studies of intervention assessment.
Without this prior knowledge it is not possible to determine whether a change
in a parameter reflects a significant change in progression or regression of
disease state, or response to intervention. In Bradley et al. 2022, (Publication
I), MRI measures collected in the liver, kidneys, spleen, and heart are
evaluated over a 3-year period in patients with stable compensated cirrhosis.
To assess this, a comprehensive evaluation of the metrics of variance were
assessed, including the coefficient of variation across each group (CoVg), the
year-to-year percentage change, the coefficient of variation over time (CoVr),
and the reference change value (RCV). These values are then used to calculate
a prospective sample size for a hypothetical study aiming to test a new
potential drug to observe regression from the clinical Ishak score[48] F4

(advanced liver scarring) to F3 (severe liver scarring).

Patients with stable compensated cirrhosis were annually monitored to
evaluate serial variation in blood serum, liver stiffness (Fibroscan®) and MRI
measures, as described in Publication |, to determine which
increases/decreases over time would be of statistical significance and

correspond to a true pathological change in disease state.

In Publication Il, patients were recruited from the prospectively followed CC
cohort studied in Publication I, with annual assessments made in a stable group

of 28 CC patients with no clinical outcomes reported on. In this group, over a
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3-year period, measures were made of blood markers, transient elastography
liver stiffness measure (LSM) and multiparametric MRI (organ volume,
abdominal tissue Ti-mapping, blood flow, perfusion) of the liver, spleen,
kidneys, and heart. Measures were also collected in a healthy volunteer group

for comparison.

The total coefficient of variation was assessed between healthy volunteers and
compensated cirrhosis and shown to be comparable for all measures including
guantitative MRl measures and blood serum measures. Variability in Enhanced
Liver Fibrosis (ELF) score was low (CoVt < 5%) compared to Fibrosis-4 (FIB4)
Index and AST to Platelet Ratio Index (APRI). A large CoVrt (20.7%) and RCV
(48.3%) was observed for Fibroscan® liver stiffness measure though this must
be considered against the absolute change in Fibroscan liver stiffness found
within disease. Liver, spleen and renal cortex T1 had a low CoVr (<5%) and RCV
(<8%), volume measures also had low variation (CoVt < 10%, RCV < 16%), while
haemodynamic measures were higher (CoVt 12 - 25%, RCV 16 - 47%). For those
patients with stable compensated cirrhosis who completed all 4 annual visits,

data is shown year-on-year in Figure 33.

Hazard ratios were computed from the RCV divided by the corresponding total
difference in a value between groups, for both healthy volunteer to
compensated cirrhosis and compensated cirrhosis to decompensated cirrhosis.
The sign of the hazard ratio indicated whether the measure increased or
decreased with disease progression. Note, not all measures consistently
increased/decreased with disease, for example liver volume was shown to
increase from a healthy state to compensated cirrhosis state, and then

decrease as decompensation occurred (Figure 34).
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Figure 33: Assessing serial change in measures in those compensated cirrhosis
(CC) who completed all study visits. A) Percentage change from previous year
measurement for Enhanced Liver Fibrosis (ELF) scores, transient elastography
Liver Stiffness Measure (LSM) and liver tissue T1. B) Groupwise percentage
change from previous measurements results for ELF scores, LSM and liver
tissue T1. C) Total coefficient of variation over time (CoVt) between years for

ELF score, LSM and liver tissue T1[1], License agreement (Appendix E).

A 55ms decrease in liver tissue T1 measured at 1.5T corresponds to a disease
state change from Ishak score F4 to F3 [31]. Using the RCVs computed in this
work, sample size calculations were prepared for a prospective study aiming to

observe cirrhosis regression from F4 to F3 (Figure 35).
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Figure 34: Hazard ratios for MRI measures using reference change values
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volunteers to patients with compensated cirrhosis (HV to CC) and B) patients
with compensated cirrhosis to patients with decompensated cirrhosis (CC to

DC) [2], License agreement (Appendix E).
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Figure 35: Sample size required to observe a change from F4 to F3 with a
power of 80% and confidence of 0.95, points and lines indicate quartiles of

change from F4 toward F3 [2], License agreement (Appendix E).

The data presented in publication Il provides key measures for the

interpretation of longitudinal monitoring of disease progression/regression
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and intervention assessment when designing a study with MRI measures as

endpoints in patients with compensated cirrhosis.

3.3 MRI for assessment of drug intervention

The work in Bradley et al. 2019 (Publication Ill), investigates the structure and
haemodynamics of liver tissue before and up to 12 weeks after direct acting
antiviral therapy to treat chronic hepatitis C virus. Multiparametric MRI was
performed to assess changes in liver structure, and haemodynamics in 17
patients with chronic hepatitis C virus before direct-acting antiviral therapy and
after treatment was completed within 12 weeks of the last direct acting
antiviral tablet. Changes were observed in hepatic structure indicated by a
significant reduction in liver T1 by 35 + 4 ms, liver T by 2.5 + 0.8 ms and liver

T2* by 3.0 £ 0.7 ms, as shown in Figure 36.
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Figure 36: Pre and post treatment measures for A) liver Ty, B) liver T2 and C)
liver T>*. All measures showed a significant reduction post treatment [3],

License agreement (Appendix E).

An example of these structural changes in a patient pre- and post- treatment is
shown in Figure 37. Changes were also observed in the liver haemodynamics,

with liver perfusion evaluated using ASL showing an average increase of
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perfusion of 28 + 20 ml/100g/min (p = 0.03). This haemodynamic change is
likely linked to reduced pro-inflammatory milieu, including interstitial oedema,

within the liver.

No changes were observed in the liver or spleen blood flow, splenic perfusion,
or superior mesenteric artery blood flow. This was likely due to a combination
of the short period of time between measurements and the larger technical
variation on the blood flow measurements (as outlined in Publications I, 11)
meaning that these measures were not sensitive enough to observe a

significant change.
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Figure 37: Example axial T1 and transverse T, and T,* liver maps in a patient
pre- and post direct acting antiviral therapy, with accompanying histograms of
regions of interest shown in the liver reflecting the change in the relaxometry

colour maps of the liver parenchyma [3], License agreement (Appendix E).

This paper showed for the first time that treatment of hepatitis ¢ virus with
direct acting antiviral therapy in patients with cirrhosis leads to an acute
reduction in liver Ty, T2 and T,* and an increase in liver perfusion. The ability of
MRI to characterise changes in both structure and haemodynamics of the liver

in patients with cirrhosis after a short term intervention will enhance our
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understanding of the natural history of regression of liver disease and

potentially influence clinical decision algorithms.

3.4 MRI for fluid balance assessment

As well as cross sectional assessment of abdominal organ structure and
function with respect to disease state and evaluation pre- and post- drug
intervention, MRI has the capability to dynamically assess organ function
during an intervention. In Bradley et al. 2020, Publication IV, MRI is used to
dynamically study the effects of the administration of intravenous fluids as
given during Gl and liver surgery on abdominal organs. In previous studies, MRI
has been shown to be sensitive enough to observe differences in renal MRI
measures between two infusions of 0.9% saline and plasma-lyte® 148 of the
same 2| volume [49], with the blood volume expanding properties of colloids
being superior to crystalloids [50]. In addition to oncotic/osmotic properties,
the electrolyte composition of infusions may have important effects on visceral
perfusion, with infusions containing supraphysiological chloride causing

hyperchloremic acidosis and decreased renal blood flow.

Publication IV of this thesis performed a non-inferiority study to assess
cardiorenal function responses to three different fluid balance regimens in
healthy volunteers by using MRI measures collected throughout the fluid
infusions. A validated healthy human subject model was used to compare
effects of colloid (4% succinylated gelatin) and crystalloid fluid regimens on
blood volume, renal function, and cardiac output. Healthy male participants
were given infusions over 60 minutes with at least a 7 day wash out period in a
randomized, crossover manner. The reference infusion was 1.5 litres of
Sterofundin ISO, the isoeffective infusion was 0.5 litres of 4% Gelaspan®, and
the isovolumetric infusion was 0.5 litres of 4% Gelaspan® with 1 litre of
Sterofundin ISO (all supplied by B. Braun, Melsungen, Germany). Participants
were studied over a period of 240 minutes (Figure 38). Baseline MRI measures
of structure and function were collected, and these were repeated both during
the infusion and on recovery after the infusion had finished. Changes in blood
volume were calculated from changes in weight and hematocrit. Renal volume,
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renal artery blood flow (RABF), renal cortex perfusion and diffusion, and

cardiac index were measured using MRI.
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Figure 38: The study day protocol for MRI scan collection. During each of the
infusion blocks, cardiac and renal MRI scans were collected. The protocol
comprised scans collected at baseline, which were repeated at 20-minute

intervals over the 60-minute infusion and repeated once post-infusion. This

allowed assessment of the time-course of renal and cardiac responses to be

monitored [5], License agreement (Appendix E).

Ten healthy male volunteers [mean (standard error) age 23.9 (0.8) years]
completed the study. Increase in body weight and extracellular fluid volume
were significantly less after the isoeffective infusion than the reference or
isovolumetric infusion, but changes in blood volume did not significantly differ
between infusions. All infusions increased renal volume, with no significant
differences between infusions. There was no significant difference in renal
artery blood flow across the infusion time course or between infusion types.
Renal cortex perfusion decreased during the infusion (mean 18% decrease
from baseline observed), with no significant difference between infusions.
There was a trend for increased renal cortex diffusion (mean 4.2% increase
from baseline) during the crystalloid infusion. All infusions led to a significant

increase in cardiac index as shown in Figure 39.
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Figure 39: MRI measures over the time course of the infusions, p values

correspond to significant changes over the time course of the infusion. No

differences were seen between infusion type at any time point [5], License

agreement (Appendix E).

This publication showed that a smaller volume of colloid (4% succinylated

gelatin) was as effective as a larger volume of crystalloid at expanding blood

volume, increasing cardiac output, and changing renal function, while

significantly less interstitial space expansion occurred as a result of the colloid

infusion.
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4. Preliminary and Future work

The sections below outline the co-author publications and conference
proceedings the candidate has presented at the ‘International Society for
Magnetic Resonance in Medicine (ISMRM)’. This work will form the foundation
for future projects on applying abdominal MRI to study liver disease through
studies performed with the NIHR Nottingham Biomedical Research Centre

(BRC).

4.1 Using MRI to derive a surrogate measure of Portal Pressure

In co-author work (publication V), non-contrast based MRI measures of liver
tissue T1 measured using SE-EPI and mean superior mesenteric artery velocity
at 1.5 T have been shown to be a good surrogate predictor of portal pressure
using HVPG [51]. This work also included an assessment of the value of spleen
Ti. In follow-on work by the candidate, the relationship between MRI measures
and portal pressure have also been studied at 3T (Conference Proceedings B
and D). Conference Proceedings D demonstrated that the relationship
between liver T1 and portal pressure holds true at 3T, though when data from
1.5T and 3T were pooled, it was observed that a positive linear correlation
between SMA blood flow velocity and HVPG holds true only up until a
measured HVPG of 15 mmHg, as shown in Figure 40. This suggests that as
splanchnic flow increases and splenic venous flow into the portal vein is
impeded by elevated portal pressure, congestion of intrasplenic blood and
therefore spleen enlargement occurs. In Conference Proceedings B the two
methods of liver T1 data acquisition (SE-EPI and MOLLI) are directly compared
to HVPG, and the effect of liver tissue fat fraction on the difference in measured

T1 between SE-EPI and MOLLI is observed, as shown in Figure 41.

In future work, having shown that both 1.5T and 3T liver SE-EPI T1 and SMA
blood flow velocity non-invasive MRI can be used as a surrogate measure to
determine portal pressure, it is planned to translate these methods to create a

non-invasive tool to apply in the clinical setting for testing.
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Figure 40: Relationship between MR parameters of (A) structure using SE-EPI

liver T1 over the full range of measured hepatic venous pressure gradient

(HVPG) and (B) flow using PC-MRI SMA velocity up to a HVPG of 15 mmHg.
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Figure 41: In a subset of patients with liver disease from Conference

Proceedings B, who underwent both SE-EPI liver T1 and MOLLI liver Ty, A)

MOLLI liver T1 did not significantly correlate with HVPG whereas, B) SE-EPI

liver T1 did correlate with HVPG. C) The relationship between the difference in

measured T1 from the 2 acquisition techniques and fat fraction is observed.

Recently, others have reported that dynamic contrast enhanced MRI can

provide a surrogate measure of HVPG, though this method requires the

injection of a gadolinium based bolus and so is more invasive [52, 53].
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Estimated hepatic artery fraction using phase contrast MRI caval subtraction (a
technique whereby blood flow is measured using PC-MRI in the suprahepatic,
subcardiac vena cava and the infrahepatic, suprarenal vena cava) and portal
vein flow phase contrast MRI have also been linked with portal pressure
yielding promising results in nine participants (R = 0.78, p = 0.014) [54] (vessels
labelled in Figure 4).

There are also considerations to be made for information that more recent
techniques such as Magnetic Resonance Elastography (MRE), which measures
liver stiffness, can play in the role of detecting portal pressure. MRE has also
been shown to correlate with HVPG over a range of 5 — 29 mmHg [55]. In
Publication VII, a finite element model (FEM) simulation was employed to
evaluate liver MRE accuracy and offer best practices for optimisation of data
acquisition methodology. This publication demonstrated that the resultant
stiffness was dependent partly on acquisition voxel resolution and
recommended that the optimal voxel size was a 4-6mm isotropic voxel [56],
unlike current typically reported acquisitions that us the Quantitative Imaging
Biomarkers Alliance (QIBA) recommendations for MRE [57]. The QIBA
recommended protocol is known to have a technical CoV in the range of 20%
[57], larger than that of relaxometry measures [58]. In Conference Proceedings
Citis demonstrated that at 3T the number of voxels fitted within the liver tissue
with a confidence >0.95 correlated with the T>* value of the liver tissue for
gradient echo MRE, likely as a result of the long gradient echo times needed to
achieve sufficient motion encoding within the readout, which enhances spin
dephasing and results in poorer image quality and phase coherence. MRE
acquisitions utilizing a spin-echo readout have been demonstrated to be an
option where gradient echo MRE fails [59] and should be investigated further
with other quantitative MRI measures. This led to preliminary work assessing
MRI relaxometry, haemodynamic measures and MRE stiffness measures
against disease severity (Conference Proceedings E), Figure 42. In future work,
it will be assessed as to whether the combination of MR measures with

minimally invasive blood markers of liver disease can better predict portal
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pressure as in a recent study for non-alcoholic steatohepatitis disease severity
where it was determined that using a marker that is a score computed from a
combination of MR relaxometry, AST and Gamma-glutamyl Transferase (GGT)

gave best results [60].
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Figure 42: A strong correlation is seen between (A) liver tissue T1 and liver
stiffness as assessed with MRE (R = 0.70, p < 0.0001) and (B) superior

mesenteric artery mean velocity and MRE liver stiffness (R = 0.62, p < 0.002).

The ultimate goal of this work is to in future combine quantitative MR surrogate
HVPG methods into a standardised protocol for prediction of portal pressure,
field strength and MR vendor agnostic where data can be quality assured with
robust quality management to enable clinical use. However, importantly
before such quantitative measures can be adopted they require
standardization, consistent acquisition and analysis, and rigorous quality
control as is outlined in [61]. Work is currently underway to establish this as is
detailed in Conference Proceedings F. For example, to study HVPG pre-surgery
where those patients with portal hypertension have worse outcomes, or help
to aid and improve the determination of the therapeutic window [7] for

patients who would benefit from non-selective beta blocker therapy.

4.2 Clinical applications in transplant and response to treatment.

Publications | and Il describe a single session < 1-hour multi-organ MRI
protocol. The goal is to now perform this protocol in patients awaiting liver
transplant. Such a scan in this setting would help determine whether other

organs within the recipient could tolerate the transplanted liver. This study

54



4. Preliminary and Future work

would need to be observational and offered secondary to the patient’s routine

pathway and care.

The methods described in this thesis are also now being used to study potential
anti-fibrotic treatments, as was suggested in Publication Il. A study is currently
underway to determine the efficacy for the use of sirolimus as an anti-fibrotic
treatment in patients with advanced, chronic liver disease. This is a Phase I,
randomised, patient-blinded, placebo-controlled, proof of concept, parallel
group single centre trial. 45 participants are being randomised to sirolimus or
placebo in a 2:1 ratio for 6 months. In this study patients are undergoing trans-
jugular liver biopsy and MRI including structural/architecture of the liver,
spleen, and kidneys, haemodynamics of splanchnic and collateral circulation,
and cardiac structure and output, with measures collected at baseline and after

6 months of sirolimus treatment.
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5. Conclusion

The published works that form this thesis show a substantiative contribution
to knowledge in the field of abdominal multi-organ evaluation in liver disease
using quantitative MRI. They demonstrate that it is possible to study multiple
organ structure and function in a single MRI scan session. It is shown that
guantitative MRI has the sensitivity and power to delineate liver disease
severity as well as track disease progression. This thesis has also shown that
MRI is sensitive enough to observe changes in liver structure in as little as 12
weeks and so shows the potential for use as an endpoint in future clinical trials.
Importantly, the work here demonstrates that completely non-invasive
guantitative MRI aids in giving a better picture of both the structure and
haemodynamic function of abdominal organs like no other imaging modality
without contrast agents. Quantitative MRI is also shown to be able to study the

acute effect of fluid regimes used perioperatively.

Early results show that quantitative MRI offers a promising alternative to
invasive testing in clinical practice in liver disease, which can be used as
endpoints in clinical trials. The large multi centre European wide study: “Liver
Investigation: Testing Marker Utility in Steatohepatitis (LITMUS)”, a consortium
of researchers currently aims to assess and validate imaging modality
performance, including structural quantitative MRI measures, specifically

addressing markers of non-alcoholic fatty liver disease and its severity.

In future, it is aimed to collect the main outcome measures of Publication | and
Il (SE-EPI liver T1, SMA blood flow velocity, liver T,*) in a short ~20 minute
consolidated protocol across MR vendors (Philips, General Electric and
Siemens) for clinical translation to evaluate if MRI can aid in the decision
making for surgery by defining those patients with portal hypertension who are
at increased risk of mortality with surgery. Ultimately, the long-term goal is to
provide a short protocol of key measures that is automatically analysed with

quality assured results for clinical studies of portal pressure.
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Background & Aims: Advancing liver disease results in delete-
rious changes in a number of critical organs. The ability to
measure structure, blood flow and tissue perfusion within
multiple organs in a single scan has implications for determin-
ing the balance of benefit vs. harm for therapies. Our aim was
to establish the feasibility of magnetic resonance imaging
(MRI) to assess changes in Compensated Cirrhosis (CC), and
relate this to disease severity and future liver-related out-
comes (LROs).

Methods: A total of 60 patients with CC, 40 healthy volunteers
and 7 patients with decompensated cirrhosis were recruited.
In a single scan session, MRI measures comprised phase-
contrast MRI vessel blood flow, arterial spin labelling tissue per-
fusion, T; longitudinal relaxation time, heart rate, cardiac index,
and volume assessment of the liver, spleen and kidneys. We
explored the association between MRI parameters and disease
severity, analysing differences in baseline MRI parameters in
the 11 (18%) patients with CC who experienced future LROs.
Results: In the liver, compositional changes were reflected by
increased T; in progressive disease (p <0.001) and an increase
in liver volume in CC (p = 0.006), with associated progressive
reduction in liver (p <0.001) and splenic (p <0.001) perfusion.
A significant reduction in renal cortex T; and increase in cardiac
index and superior mesenteric arterial blood flow was seen with
increasing disease severity. Baseline liver T, (p = 0.01), liver per-
fusion (p <0.01), and renal cortex T; (p <0.01) were significantly
different in patients with CC who subsequently developed neg-
ative LROs.

Conclusions: MRI enables the contemporaneous assessment of
organs in liver cirrhosis in a single scan without the require-
ment for a contrast agent. MRI parameters of liver T;, renal Ty,
hepatic and splenic perfusion, and superior mesenteric arterial
blood flow were related to the risk of LROs.
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Lay summary: This study assesses the changes to structure,
blood flow and perfusion that occur in the key organs (liver,
spleen and kidney) associated with severe liver disease
(Compensated Cirrhosis), using magnetic resonance imaging.
The magnetic resonance imaging measures which changed with
disease severity and were related to negative liver-related
clinical outcomes are described.

© 2018 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The evolution of liver cirrhosis to clinical liver-related outcomes
resulting from portal hypertension is not simply dictated by
architectural and haemodynamic changes within the liver.
Rather, advancing liver disease results in deleterious changes
in a number of critical organs and the understanding of this pro-
cess is a central aspect in the clinical management of cirrhotic
patients.

The hyperdynamic circulation in cirrhosis is characterised by
increased cardiac output and decreased systemic vascular resis-
tance with low arterial blood pressure.!~® Splanchnic vasodila-
tion, with a resulting decrease in the effective central volume,
has been proposed as an important driver of the hyperdynamic
circulation.!* Associated with splanchnic vasodilation is an
increase in portal vein blood flow which maintains and perpet-
uates portal hypertension.® Further, architectural and haemody-
namic changes in the heart, spleen, and kidney have also been
shown to occur and have important pathophysiological conse-
quences. For example, cirrhotic cardiomyopathy is characterised
by increased cardiac output with a sub-optimal ventricular
response to stress, and structural and electrophysiological
abnormalities.” Cardiac dysfunction associated with cirrhosis
has been shown to be an important prognostic determinant of
mortality at one year.’ Renal vasoconstriction, related to
splanchnic vasodilation, portal hypertension and activation of
compensatory neurohormonal systems, is a precursor for the
development of hepatorenal syndrome.>®” In cirrhosis, splenic
enlargement may result from portal venous congestions and/
or hyperplasia. In association, the splenic artery is suggested
to dilate,® and recent data suggests that the splenic artery to
hepatic artery diameter ratio can predict the development of
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ascites and varices.” Splenic stiffness has also been found to
have a strong association with portal hypertension.'®!" How-
ever, there is an incomplete understanding of how changes in
the different organs are inter-related, and what temporal
relationships exist.

The importance of assessing critical organs in liver cirrhosis
in a holistic fashion is illustrated by the current controversy sur-
rounding beta-blockers in liver cirrhosis. The debate regarding
the safety of beta-blockers focusses on whether the beneficial
effects of beta-blockers in liver cirrhosis, centred around a
reduction in cardiac output, splanchnic vasodilation and portal
inflow and improvement in intrahepatic resistance (alpha 1
blockade), is counterbalanced by deleterious effects in advanced
cirrhosis centred on a reduction in renal perfusion and cardiac
output as described previously.'? A key limitation in being able
to define the critical window®'® of benefit of beta-blockers vs.
harm is the lack of robust non-invasive tools to measure
changes across organs in a contemporaneous manner. If this
could be done, treatment could be individualised more effec-
tively. This does not currently occur in clinical practice, in a con-
sistent manner, as the tools for measurement are blunt (e.g.
heart rate) or invasive (hepatic venous pressure gradient mea-
surement [HVPG]).

Recent advances in non-invasive magnetic resonance imag-
ing (MRI) techniques allow the assessment of blood flow to
organs,'* tissue perfusion,'>'® and compositional changes
including fibrosis and inflammation,'” ' in the key organs
associated with cirrhosis. Until now, such measures have only
been examined in single organs rather than using a comprehen-
sive multi-organ approach in a single scan session.

Our aim was to assess the feasibility of performing MRI to
contemporaneously analyse the liver, heart, spleen and kidneys
in patients with Compensated Cirrhosis (CC). We aim to
describe the differences in quantitative MRI measures within
these organs between healthy volunteers, and patients with
CC and Decompensated Cirrhosis (DC). As proof of concept, we
explore whether differences in MRI parameters are observed
in patients with future clinical liver-related outcomes.

Materials and methods

Study population

Sixty patients were consecutively recruited from a CC cohort
study, a prospective study initiated in 2010 focussed on tracking
liver disease progression. Here, baseline measures collected for
this cohort are reported. Institutional and local research
approval was gained (10/H0403/10). Patients were recruited
with evidence of cirrhosis (confirmed by a combination of
biopsy, clinical and radiological criteria) and no evidence of
decompensation (ascites, significant jaundice, hepatic
encephalopathy and variceal bleeding), hepatocellular carci-
noma and portal vein thrombosis. Exclusion criteria included
orthotopic liver transplantation, ischaemic heart disease, alco-
holic cardiomyopathy (defined by clinical evidence of systolic
dysfunction) and valvular heart disease.

For comparator measures, we prospectively recruited two
additional groups - a Healthy Volunteer (HV) and Decompen-
sated Cirrhosis (DC) group. Forty HVs were recruited who had
no major co-morbidity including cardiovascular or chronic liver
disease. Seven ambulatory patients with DC were recruited,
defined as Baveno 3 or 4 stage (ascites, encephalopathy or pre-
vious variceal bleed); exclusion criteria included portal vein
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thrombosis, the presence of hepatocellular carcinoma (HCC),
and orthotopic liver transplantation. Subjects attended on a sin-
gle study day following an overnight fast. Statistical power to
assess the difference between groups was determined for each
MRI parameter at a power of 80% and significance level of 5%.

Patients were invited to return for research visits on a six-
monthly basis for assessment of liver-related clinical outcomes
as defined by ascites (needing paracentesis or diuretic therapy),
grade 3 or grade 4 encephalopathy, variceal haemorrhage
requiring endoscopic therapy and emergency admission, HCC
(defined by EASL criteria) and liver-related death. For patients
who declined follow-up visits, we obtained their consent to
access relevant medical records (both family practitioner and
hospital records) to record clinical outcomes.

Multi-organ MRI protocol

All participants were scanned following a 6 h fast, with MRI
scans carried out between 8 am-12 pm. Imaging was performed
on a 1.5 T Philips Achieva MRI scanner (Best, Netherlands) using
a 16-element Torso receive coil and body transmit coil. MR
measures were collected on four organs: liver - blood flow in
the portal vein and hepatic artery, liver perfusion and tissue
Ty; spleen and superior mesenteric artery (SMA) - blood flow
assessed in the splenic and SMA, splenic tissue perfusion and
tissue Tq; renal - blood flow in right renal artery, kidney vol-
ume, renal tissue perfusion and tissue Ty; heart - aortic blood
flow corrected for body surface area (BSA) to yield cardiac index
and left ventricular (LV) wall mass as a measure of cardiac
strain. This non-invasive protocol took less than 1 h for hepatic
(~20 min), spleen, SMA and renal (~15 min), and cardiac (~10
min) measures. The following describes the acquisition protocol
parameters.

Organ volume

First multi-slice balanced turbo-field echo (bTFE) localiser
images were acquired in three perpendicular orientations to
locate organs and vessels of interest for slice positioning, and
from which to estimate organ (liver, kidney and spleen) volume.

Blood flow measures

Phase-contrast (PC)-MRI was used to quantify vessel lumen
cross-sectional area (CSA), velocity and bulk blood flow in ves-
sels within each system. A TFE technique (two averages, TFE fac-
tor 4-6 dependent on subjects’ heart rate) was used with a
single slice perpendicular to the vessel of interest. A total of
15 phases were collected across the cardiac cycle using specified
velocity encoding for each vessel (portal vein 50 cm/s, hepatic/
splenic/renal arteries 100 cm/s, SMA 140 cm/s). Each vessel
measurement was acquired during a 15-20 s breath hold.

Perfusion of the liver, spleen and kidney

Respiratory-triggered Flow Alternating Inversion-Recovery
Arterial Spin Labelling (FAIR-ASL)'>'® (post-labelling delay
1,100 ms, balanced fast field echo [bFFE] readout) was used to
measure tissue perfusion in the liver, spleen and renal tissue.
Liver perfusion data was acquired in three sagittal slices
through the right lobe (slice gap 5 mm, 60 ASL pairs in ~8
min), spleen/renal perfusion data was collected in five contigu-
ous coronal-oblique slices through the spleen and long axis of
the kidney (30 ASL pairs in ~5 mins). An equilibrium base mag-
netisation My and T, image was acquired for each slice orienta-
tion for perfusion quantification.
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Relaxometry of the liver, spleen and kidney

A modified respiratory-triggered inversion-recovery
sequence'®'9?% was used to measure tissue Ty in the liver,
spleen and kidney, with slices geometrically matched to the
ASL data. For liver tissue, a fat suppressed spin-echo
echo-planar imaging (SE-EPI) readout was used to ensure no
influence of fat on T; measures. Data was collected at 13 inver-
sion times (TI) (100-1,200 ms in 100 ms steps, and 1,500 ms)
with minimal temporal slice spacing between the three
slices (65 ms) collected in a descend slice order, in an acquisi-
tion time of ~2 min. For the spleen and kidney, a bFFE readout
was used and data acquired at 9 TIs (100-900 ms in 100 ms
steps) with minimal temporal slice spacing (144 ms), both
ascend and descend slice order acquisitions were acquired to
increase the dynamic range of inversion times'®'%2° in ~3
min. It was confirmed that study participants did not have
excess iron,!®19:20

Cardiac assessment

Cardiac output was measured using a PC-MRI of the aorta with
30 phases and velocity encoding of 200 cm/s in ~1 min whilst
free breathing. Short-axis cine images were acquired to measure
LV wall mass using a multi-slice TFE sequence (12 slices, 30
phases, 3 slices acquired per 15-20 s breath hold).

Data analysis

Blood flow measures

‘Q-flow’ software (Philips Medical Systems) was used to analyse
PC-MRI data. For each vessel, a region-of-interest (ROI) was
drawn to estimate flow by averaging the flow velocity values
within the ROI and multiplying by vessel lumen CSA. Mean flow
was calculated by averaging the flow rates for each cardiac
phase across the cardiac cycle.

Perfusion

The analysis procedure for ASL data performed using MATLAB
and/or IDL routines is shown (Fig. S1). Each ASL label/control
image was motion corrected to the base magnetisation My
image using in-house software. Individual perfusion-weighted
images (control-label) were calculated, inspected for motion
(exclude >1 voxel movement) and averaged to create a single
perfusion-weighted image (AM). AM, My and T; maps were
used in a kinetic model®' to compute tissue perfusion maps. A
binary mask of each organ (see relaxometry section) was formed
and used to calculate the mean liver, spleen and renal cortex
perfusion.

Relaxometry

Inversion-recovery data were fit to a two-parameter model
to generate T; and My maps. Binary organ masks were
formed from the My image, and major blood vessels further seg-
mented by excluding voxels with a T; >1,500 ms. Median T, val-
ues were calculated within liver and spleen masks. For the
kidney mask, a histogram of T; values was formed to yield
two peaks originating from the renal cortex and medulla
(Fig. S1A), and the median T; values of the renal cortex and
medulla calculated.

Volume

Analyze® (Mayo Clinic) was used to draw an ROI around each
organ (liver, kidney, spleen) within each slice, and total organ
volume calculated by summing across slices.
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Cardiac MRI data was analysed using ViewForum software (Phi-
lips Medical Systems, Best, Netherlands). PC-MRI data of the
aorta was analysed by computing the stroke volume and heart
rate, and multiplying these parameters to yield cardiac output.
This software was also used to draw wall contours from which
LV wall mass was calculated. Both cardiac output and LV wall
mass are presented corrected for BSA.?2

Validation of MR measures

T; relaxometry of the liver

We assessed liver histology in a cohort of patients with cirrhosis
who previously had T; mapping of the liver on a 1.5 T scan,®*°
all MRI scans were collected within three months of liver
biopsy. Liver biopsies were obtained via either the percutaneous
or the transjugular route from patients with METAVIR fibrosis
stage 4. Patients were fasted overnight before the procedure
and biopsies were carried out by experienced operators. Biop-
sies were stained with hematoxylin and eosin, picrosirius red
(PSR) and Perls’ Prussian blue stains. All biopsy data were anal-
ysed by a single experienced pathologist blinded to MRI data.
The percentage of fibrous tissue relative to the total biopsy area
was estimated for each biopsy by visual morphometry.!” A
Spearman’s rank correlation coefficient (in terms of R value)
was computed between the continuous variables of visual mor-
phometry and liver tissue T;.

All patients with CC had a blood sample to assess non-
invasive markers of liver fibrosis (Enhanced Liver Fibrosis
|ELF] score). In addition, in all patients with CC, transient elas-
tography evaluation was performed using FibroScan® (Echo-
Sens, Paris, France) to provide a liver stiffness measure (LSM)
in kPa. The FibroScan® measure was repeated to obtain 10 read-
ings and a median LSM value calculated. Spearman’s rank corre-
lation coefficients (R value) are presented between ELF and LSM
with a statistical significance threshold of p < 0.05.

ASL perfusion of the liver

In all patients, measures of indocyanine green (ICG) were per-
formed and plasma disappearance rate (ICG-PDR, percentage
of ICG eliminated in 1 min after an ICG bolus) (%/min), and its
retention rate at 15 min (ICGR15, the circulatory retention of
ICG during the first 15 min after a bolus injection (%)) com-
puted. A Spearman’s rank correlation coefficient was performed
between ICG-PDR and ICGR15 and liver perfusion as measured
using arterial spin labelling. Correlation coefficients are pre-
sented in terms of R value with a statistical significance thresh-
old of p <0.05.

Repeatability of multiparametric MRI measures

To determine the between session repeatability of MRI mea-
sures, the intra-subject Coefficient of Variation (CoV) (defined
as the standard deviation/mean) of multiparametric MRI mea-
sures were assessed. A subset of 10 healthy participants (age
23-37 years, body mass index 20-26 kg/m?) had three scans,
at least one week apart and within four weeks, at the same time
of day and after an overnight fast to limit diurnal and dietary
variability. The CoV measures are provided (Table S1).

Statistical analysis

All statistical analysis was performed using Prism 6 (GraphPad
Software, Inc., La Jolla, CA). A Shapiro-Wilk normality test was
applied to data collected on each MRI parameter. Normal data
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is expressed as mean (SEM) and non-normal as median
(interquartile range, IQR) across each group. Tests between
the three patient groups were made using a one-way analysis
of variance (one-way ANOVA) with Bonferroni correction for
normally distributed data, otherwise a Kruskal-Wallis test was
performed to assess probable differences between the groups,
with post hoc Tukey’s test where significant differences were
identified.

To compare results between patients with CC who did or did
not have a negative liver-related clinical outcome, a two-tailed
unpaired t test was performed to assess differences in normally
distributed parameters, or a Mann-Whitney U test was per-
formed, significance was considered at p < 0.05. In addition, to
test the probability of organ involvement in outcome, a survival
analysis was performed providing Kaplan-Meier curves and sig-
nificance of difference determined by a log-rank test, using the
1st tertile of MRI parameters as cut-off values.

For further details regarding the materials used, please refer
to the CTAT table.

Results

The CC cohort (n = 60) comprised 25 females and 35 males, aged
60 + 9 years, with a range of aetiologies, the largest being Alco-
holic Liver Disease (ALD, 21 patients, 35%), Non-Alcoholic Fatty
Liver Disease (NAFLD, 16 patients, 27%), and Hepatitis C Virus
(HCV, 12 patients, 20%), with the remaining 18% of patients hav-
ing primary biliary cirrhosis, Hepatitis B Virus (HBV), primary
sclerosing cholangitis, autoimmune hepatitis and haemochro-
matosis. Mean model for end-stage liver disease (MELD) score,
FIB4 and aspartate aminotransferase-to-platelet ratio index
(APRI) scores were 7.7 +2.1, 3.4+23, and 1.2 +1.2. Of this
group, six patients were on beta-blockers. The healthy volunteer
(HV) group (n = 40) comprised 17 female and 23 male patients,
aged 59 + 10 years. The DC (n = 7) group comprised five female
and two male patients of 48 + 13 years, five of whom had ALD,
one NAFLD and one HCV, with decompensation type comprising
four cases of ascites, two of varices and one encephalopathy.
Mean MELD, FIB4 and APRI scores were 9.9+3.3, 3.5+1.6,
and 1.4 + 1.1, respectively.
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Validation of MR measures

T; relaxometry of the liver

T, relaxation time correlated significantly with visual
morphometry of percentage fibrosis in advanced F4 fibrosis
(R=0.62, p<0.001) (Fig. S2). As a secondary outcome, we show
a significant positive correlation of liver tissue T, with ELF score,
R=0.65 and p <0.001 (Fig. S3). In addition, a highly significant
correlation of liver tissue T; with the LSM from FibroScan®
was demonstrated (R =0.68, p < 0.001) (Fig. S3).

ASL perfusion of the liver

In all patients ICG measures were collected and correlated with
liver perfusion as measured by ASL. A weak but significant pos-
itive correlation was demonstrated between liver perfusion
measured using ASL and ICG-PDR (R=0.46, p=0.0016), and
negative correlation with ICGR15 (R = 0.46, p = 0.0011) (Fig. S4).

Repeatability of multiparametric MRI measures
Intra-subject repeatability for all the multiparametric MRI mea-
sures is provided (Table S1). Measurement of MR parameters is
highly repeatable with a CoV of <10% in assessment of volume,
T, relaxometry measures, and ASL perfusion.

Changes in compensated and decompensated cirrhosis
compared to healthy volunteers

In the following section, MRI measures are provided for each
organ studied - liver, spleen and SMA, renal and cardiac - and
compared across the stages of disease severity, i.e. HV vs. CC
vs. DC.

Liver

The changes measured in the liver across the three groups are
shown (Fig. 1). Liver volume was significantly greater in
patients with CC compared to both HVs and those with DC (p
=0.006). We observed liver tissue T; progressively increased
with disease severity, from HV to CC and DC (p < 0.001), with
statistically significant differences between the HV and CC
group (p <0.001), and the CC and DC group (p =0.01). Portal
vein CSA significantly increased in CC patients compared to
HVs (p <0.001). The CSA of the hepatic artery increased with

- Q

e 140 p <0.001 3 20

£130 > 18

$ 120 4 2 16

€ 110 § 14

‘T 100 c 12 +

T 9 X 2 10 +

$ 8ol . . . £ sl . . .
HV cc DC S HV cc DC

@ = .

£ . = P

< 25 —— 5, 200

k= . g K3

3 <

g 20 I E 150 +

Qo

o 4 5

‘g 15 ¥ @ 1004 p<0.001 KX

2 p=003 E

s 10— . . o s0l— . :

S HV cc DC g Hv cc DC

-

Fig. 1. Changes in the liver in Healthy Volunteers, patients with Compensated Cirrhosis and those with Decompensated Cirrhosis. Data analysed using
one-way ANOVA, followed by the Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. CC, Compensated Cirrhosis; CSA, cross-sectional area; DC,

Decompensated Cirrhosis; HV, healthy volunteers.
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disease severity (though not significant p = 0.09). Total hepatic
blood flow (portal vein+ hepatic artery flow) significantly
increased with disease severity (p = 0.03). The percentage con-
tribution of portal vein flow to total hepatic flow (portal vein
flow + hepatic artery flow) did not significantly change with
liver disease severity (77.9 £ 1.2%, 72.8 +1.9%, and 74.5 +6.7%
for HV, CC, and DC respectively). Liver perfusion significantly
reduced with disease severity (p < 0.001), with statistically sig-
nificant differences between the HV and CC group (p < 0.001),
and the CC and DC groups (p < 0.01).

Spleen and SMA

Changes in the spleen and SMA across the groups are shown
(Fig. 2). Spleen volume was increased in the CC and DC groups
compared to HVs (p<0.03; 206+16 ml, 459 +34 ml, and
490 £ 112 ml for HV, CC, and DC respectively), with spleen T,
increasing with disease severity. No significant difference was
found in CSA of the splenic artery, whilst splenic artery bulk
flow significantly increased with disease severity (p < 0.001).
SMA bulk flow showed an increase with disease severity. Spleen
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tissue perfusion significantly decreased with disease severity
(p<0.001, 1517 ml/100 g/min, 120+ 6 ml/100 g/min, and
82 +9 ml/100 g/min for HV, CC, and DC respectively).

Renal

Renal changes across the groups are shown (Fig. 3). No signifi-
cant difference is seen in total renal volume between the HV,
CC and DC groups. A significant reduction in renal cortex T
(p<0.001) was demonstrated with disease severity, a trend
for reduced T; was found in the renal medulla but this was
not significant. No significant difference was found in CSA of
the renal artery or renal artery bulk flow, but flow per beat
reduced with disease severity. No significant difference in renal
cortex perfusion was found between the HV, CC, and DC groups.

Cardiac

Differences in cardiac parameters across the groups are shown
(Fig. 4). Cardiac index significantly increased with disease sever-
ity (p = 0.005). This was driven by the increase in heart rate with
disease severity (p < 0.001,59.6 + 1.6,67.2 £ 1.6, 76.2 * 3.1 beats
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Fig. 2. Changes in the spleen and superior mesenteric artery in Healthy Volunteers, patients with Compensated Cirrhosis and those with
Decompensated Cirrhosis. Data analysed using one-way ANOVA, followed by the Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.005, ****p <0.001. CC,
Compensated Cirrhosis; CSA, cross-sectional area; DC, Decompensated Cirrhosis; HV, Healthy Volunteers.
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Fig. 3. Changes in the kidney in healthy volunteers, patients with Compensated Cirrhosis and those with Decompensated Cirrhosis. Data analysed using
one-way ANOVA, followed by the Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. CC, Compensated Cirrhosis; CSA, cross-sectional area; DC,

Decompensated Cirrhosis; HV, Healthy Volunteers.
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Fig. 4. Changes in the cardiac function between healthy volunteers, patients with Compensated Cirrhosis and those with Decompensated Cirrhosis. Data
analysed using one-way ANOVA, followed by the Tukey post hoc test. *p <0.05, **p <0.01, ***p <0.005, ****p <0.001. CC, Compensated Cirrhosis; DC,

Decompensated Cirrhosis; HV, Healthy Volunteers.

per minute (bpm) for HV, CC, and DC, respectively), no signifi-
cant change in stroke volume was found with disease severity.
BSA corrected cardiac LV wall mass was significantly different
across the groups (p=0.02; 39.0+1.1, 340+1.7, 22324
g/m? for HV, CC, and DC respectively).

Assessment of baseline MR parameters related to a future
clinical outcome in patients with compensated cirrhosis at
baseline

Here, we present baseline MRI data for those patients with CC
who developed a liver-related outcome. Of the 60 patients with
CC at baseline (mean MELD score 7.7), 11 patients (18%) devel-
oped a future liver-related outcome. The median number of
days from MRI scan to a liver-related outcome was 1,001

(range: 59-2,304). Seven had ascites, one developed
encephalopathy, one developed a variceal bleed, two had HCC.
Of these patients, seven patients died of a liver-related cause
after the first liver-related outcome; liver failure (four cases)
and HCC (three cases) as listed on the death certificate.

The patients with an outcome were aged 59 + 6 years, six
were male and five female, with aetiologies including four with
HCV, five with ALD, one with NAFLD and one with HBV. How the
MR parameters found to be significantly different between HVs,
CC and DC patients relate to clinical liver-related outcomes is
displayed (Fig. 5).

There was no significant difference in liver volume between
patients with CC with and without a liver-related outcome. In
contrast, liver tissue T; was significantly higher (p =0.01) in
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Fig. 5. Baseline MRI parameters in patients with Compensated Cirrhosis, with and without liver-related outcomes. APRI, aspartate aminotransferase-to-
platelet ratio index; CC, Compensated Cirrhosis; FIB4, fibrosis 4 score; MELD, model for end-stage liver disease; SMA, superior mesenteric arterial. Statistical

analysis performed using two-tailed unpaired t-test.
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Fig. 6. Kaplan-Meier curves for liver-related outcome survival in patients
with Compensated Cirrhosis. (A) There were significant differences between
those with Liver T, for the 1st tertile T, of 793 ms (p < 0.001). (B) There was
significance between liver perfusion using the 1st tertile of 125 ml/100 g/min
(p <0.001). (C) There was a significant difference between renal T, using a 1st
tertile of 958 ms (p < 0.001).

those patients with CC and a clinical outcome (834 + 36 ms)
compared to those without (719 + 10 ms). The CSA of the portal
vein was not significantly different between patients with CC,
with and without a clinical outcome. Total hepatic blood flow
was significantly (p = 0.05) lower in those with outcomes (13.
4+7.6ml/s) compared to those patients with no outcomes
(17.8 £6.0 ml/s). Perfusion measured in the right lobe of the
liver was significantly lower (p <0.01) in those patients with
an outcome (clinical liver-related outcome: 95.8 + 9.5 ml/100 g
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No significant difference was found in spleen volume or splenic
T, between those with and without outcomes, but splenic per-
fusion was lower and SMA blood flow higher in those with a
clinical outcome. Renal cortex T; was significantly shorter in
the patients with CC and an outcome (919 + 28 ms) compared
to those with no outcome (1,012 + 11 ms). There was no signif-
icant difference in cardiac measures of cardiac index or LV wall
mass index between those with and without a clinical outcome.
Tertile cut-off points (as used in??) of liver perfusion, liver T,
and renal T; were used to compute Kaplan-Meier survival
curves (Fig. 6). These MRI parameters were significant predic-
tors of liver-related outcomes.

Discussion

We have shown that it is feasible to study changes in cirrhosis
representing the flow, volume, composition and perfusion in
critical organs (liver, kidney, spleen and heart) in a contempora-
neous fashion in a single scan session using quantitative MRI
without requiring the injection of a contrast agent. Individual
MR components change with disease severity, as illustrated by
Fig. 7, and taken together this data provides a comprehensive
evaluation of cirrhosis relating to aspects of structure and
haemodynamics. Furthermore, a subset of MRI markers mea-
sured at baseline (i.e. liver Ty, liver perfusion and renal cortex
T,) differentiate two groups of patients with CC, those who
develop or do not develop a future liver-related clinical outcome
up to seven years later (Figs. 5, 6).

This study highlights two conceptual aspects that are coher-
ent with our current understanding of how liver disease pro-
gresses. Firstly, structural changes as evidenced by changes in
organ volume (i.e. spleen and liver) and compositional change
(i.e. increased liver T, and splenic T;) relate to increasing disease
progression from the spectrum of HVs to DC. Secondly, changes
in haemodynamics, both to and within the organ, evolve with
progressive disease. This is exemplified by the reduction in both
liver and splenic perfusion. Despite the small size of the DC
group, it is interesting to note that the reduction of hepatic per-
fusion occurs in the context of increased total hepatic blood

[/min, no liver-related outcome: 160 +8.0 ml/100g/min). deljvery in the CC and DC group, though this only results in
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Fig. 7. Multi-organ changes demonstrated in this study in compensated and decompensated liver disease. Infographic to pictorially illustrate the changes
in key organs (heart, liver, splanchnic and kidney) demonstrated in this study of contemporaneous MR measures in compensated and decompensated cirrhosis.
A hyperdynamic circulation results in increased blood flow in the liver, splanchnic circulation and increased cardiac output in patients with CC, with further
increases in spleen blood flow and cardiac index in patients with DC. Here liver and splenic perfusion was shown to be reduced in patients with CC compared to
the HV group, and perfusion in these organs is further reduced in those with DC. No significant change in renal perfusion was found between patients with CC
and DC, and the HV group. Liver tissue T increased in patients with CC compared to HVs, and further increased in those with DC. Spleen T; was only
significantly different from the HV group in DC patients. In contrast renal T; was reduced in patients with CC and further reduced in those with DC, compared to
HVs. LV wall mass was significantly reduced in patients with DC compared to HVs, whilst liver volume was found to increase only in patients with CC, and
spleen volume was increased in patients with CC and DC compared to HVs. CC, Compensated Cirrhosis; DC, Decompensated Cirrhosis; HV, Healthy Volunteers.
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an increase in normalised hepatic blood flow between the HV
and DC group (Fig. S5). The reduction in liver volume that occurs
in DC compared to CC patients, as previously shown in,?* sug-
gests that this is not related to a larger mass of liver tissue to
supply. We hypothesise two explanations for this discordance.
Firstly, intrahepatic shunting may occur, although using our
current MR methods we do not have the spatial resolution to
directly visualise shunts. Secondly, in liver disease it is difficult
to use normalised hepatic blood flow as a measure of global per-
fusion due to the underlying changes in liver composition. The
deposition of fat, interstitial oedema and inflammatory cells
can all potentially increase liver volume. As the liver starts
decompensating, these features subside and in addition there
is a loss of hepatocyte volume relative to an increasing amount
of extracellular matrix.>* This highlights the importance of mea-
suring perfusion rather than blood flow per se.

The increase in splenic artery blood flow is largely compen-
sated for by the increase in spleen volume, with a trend for a
reduction in normalised splenic flow (Fig. S5) in agreement with
the significant reduction in perfusion. The increase in splenic T,
also suggests that angio-architectural changes occur within the
spleen, perhaps related to fibrosis. Finally, there was a trend for
reduced renal perfusion, in the context of maintained renal
artery bulk flow and increased kidney volume, in agreement
with a reduced normalised renal blood flow (Fig. S5).

Of the 60 patients with CC, six were on beta-blockers, with
this sub-group showing a significant reduction in splenic artery
CSA, mean velocity and flux, spleen perfusion and portal vein
mean velocity, thus increasing the CC cohort group variance in
these measures. In addition, the DC sample size is currently
underpowered to determine significant incremental changes,
except in T; relaxometry measures; this remains a work in
progress.

The significant difference in baseline MRI parameters in
those patients at risk of clinical events, within an average
follow-up period of three years and maximum follow-up of
seven years, is very encouraging. In this study 18% (11) of
patients had a negative clinical outcome, this is a similar sample
size to a recent study of events using multiparametric MRI of
the liver alone and an associated liver inflammation and fibrosis
score in which 10 patients (11%) were studied.?® In the current
study, we had more liver-related outcomes compared with pre-
vious studies (4% in a transient elastography study?’ and 13% in
an ELF study?®). The increased liver T; (a marker of structural
severity) and reduced liver perfusion (a marker of haemody-
namic severity) in patients with early compensated liver cirrho-
sis experiencing future liver-related clinical outcomes has
biological plausibility and provides a link between surrogate
bio-imaging signals and robust clinical end points. The rele-
vance of the strong relationship of renal cortex T; to both dis-
ease severity and clinical outcomes is novel. Two studies, in
patients with cirrhosis, have suggested changes in T; occur
within the cortex of the kidney, but until now these studies
have been based on signal intensity changes of T;-weighted
images,?>*° with no quantitative measures of T; relaxation
times having previously being reported. These previous studies
suggest that the mechanism and physiology of reduced renal
cortex T; is decreased water content in the renal cortex due to
renal hypoperfusion. Whilst the overall blood flow to the kid-
neys was maintained in our study, there was both a trend
toward reduced renal perfusion, reduced renal artery flow per
beat decreased and kidney volume increased (Fig. 3), with a sig-
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nificant reduction in normalised bulk renal blood between HVs
and patients with CC (Fig. S5). Thus, it is intriguing to speculate
that regional vasoconstriction, driven by neurohormonal mech-
anisms, accounted for differential water content and reduced T;.
If this is proven to be the case, this has direct implications for
the treatment of hepatorenal syndrome.

The overall picture that emerges from this study is consistent
with our current understanding of the hyperdynamic circulation
and the peripheral arterial vasodilatation hypothesis.* With
advancing liver disease, reflected by structural changes within
the liver (prolonged liver T; values, Fig. 1) and haemodynamic
changes in the liver (reduced liver perfusion, Fig. 1), there is a
predicted rise in portal pressure (calculated from MRI data as
a surrogate measure of HVPG?® shown in Fig. S6). Pooling of
blood in the splanchnic circulation as evidenced by increased
SMA bulk flow and splenic artery bulk flow (Fig. 2) perpetuates
this raised portal pressure. To accommodate the reduced effec-
tive central volume, the cardiac index increases in association
with a raised heart rate (Fig. 4). Importantly this compensatory
mechanism may be fragile as highlighted by the reduced LV
wall mass in DC in our study and by others.>! The DC group,
albeit small in number, were ambulatory in our study. It is plau-
sible that acute insults, including sepsis, that lead to hospitalisa-
tion tip the balance of these compensatory mechanisms.
Recently, it has been proposed that vasodilation occurs in a dif-
ferential manner in regional beds. Using PC-MRI angiography,
McAvoy and colleagues®? found a reduction in total renal blood
flow in patients with advanced liver disease compared to HVs
but an increase in total hepatic blood flow and SMA flow. Our
data supports this concept of differential visceral blood flow
in cirrhosis.

Here we present validation of our MRI measures against the
gold standard, showing the correlation of T; with the continu-
ous biopsy variable of visual morphometry in METAVIR fibrosis
stage F4, in agreement with previous reports in the literature
across a wider range of fibrosis scores obtained from histol-
ogy.!”!? Further, we show that liver perfusion assessed in this
CC cohort shows a significant correlation with indocyanine
green (ICG-PDR and ICGR15). A recent study>> assessed ICG con-
tinuous clearance and HVPG measurement against 2D PC-MRI of
portal venous and hepatic arterial flow. They were able to
demonstrate useful correlates that suggest that further develop-
ment of MRI protocols for liver blood flow would be beneficial.
We acknowledge ICG-PDR and ICGR15 are surrogates and not
true measures of perfusion. Formal ICG clearance would be
the optimal method, but this requires invasive transjugular hep-
atic venous sampling and simultaneous peripheral arterial sam-
pling in patients receiving a continuous peripheral ICG infusion,
as such this invasive procedure is far less practical. Doppler
ultrasound has been widely used to assess blood flow in liver
disease,>**> and has the advantage of being widely available.
However, disadvantages include intra- and inter-observer vari-
ation, with reported intra-class variation of 0.49°° due to inad-
equate standardisation of protocols including anatomical site,
doppler beam angle and operator experience. Annet et al
showed PC-MRI parameters have the sensitivity to detect a sig-
nificant difference between HV and cirrhotics not reflected in
doppler ultrasound.>* Doppler ultrasound has been shown to
underestimate blood flow and be less reproducible in compar-
ison to PC-MRI,>’ here we have shown the CoV of PC-MRI to
be less than 5% in HVs,*® further MRI has been shown to be
more reliable with respect to inter-observer variability than
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duplex doppler ultrasound.>® Several studies have used com-
puted tomography to assess portal vein and hepatic artery blood
flow, but this is limited by ionising radiation exposure.*’
There are a number of clinical implications of this study.
Firstly, understanding the benefit vs. risk of existing and emerg-
ing therapeutics. Beta-blockers are used as standard care in the
setting of portal hypertension. However, non-selective beta-
blockers may be potentially deleterious after a critical threshold
or window period has been traversed. It remains unclear when
exactly this occurs, but this is likely to be related to diminishing
cardiac output and a reduction in renal blood flow.® The concept
of using MR protocols to assess response to beta-blockers has
been explored by the Edinburgh group. They used PC-MRI to
show a significant reduction in cardiac output (as measured
by superior aorta blood flow) but maintenance of blood flow
in other vessels (SMA, portal vein, hepatic artery, azygous vein)
four weeks after commencing beta-blocker therapy, though this
was in a small cohort of patients who were heart rate respon-
ders (n = 9).!® Furthermore, using MRI protocols to assess novel
drug compounds has been highlighted by the recent report of
serelaxin providing therapeutic potential in renal dysfunction
in cirrhosis. In this study selective renal vasodilation did not
appear to be offset by a reduction in systemic blood pressure
or hepatic perfusion.*! Taken together with our findings, the
vision should be to use MRI protocols to assess response at an
individual level and thus provide tailored therapy which is
effective and safe. A further potential application for this MRI
protocol could be as a prognostic tool for overall liver outcomes
or specific complications. There is a growing body of literature
showing the promise of non-invasive markers of liver fibrosis
for prognostic performance.**** The ability of two simple scores
FIB4 and APRI to differentiate outcomes in early CC, as repro-
duced in this study (Fig. 5) cautions against positioning MRI
as a generic prognostic tool. However, the difference in param-
eters between patients with/without significant clinical out-
comes suggests that there is potential to use these parameters
for prediction, which would be an understandable ambition in
the era of emerging anti-fibrotic compounds. Larger studies
are required to determine clinical utility of these promising
multiparametric measures related to liver-related outcomes.**
This study was designed as a proof of concept study to assess
the feasibility of using MRI to assess different organs in cirrhosis
and confirms this is possible. Importantly, the scan time for the
present protocol is one hour. Whilst we have obviated the
requirement for an intravenous contrast agent, the scan time
can now be reduced by omitting parameters which have been
found to be non-contributory. This will be important for patient
compliance and reducing cost and burden on radiology service
provision time for future implementation into clinical practice.
Whilst the MR picture obtained provides an overview it is by
no means an exclusive assessment of the hyperdynamic circula-
tion. For example, the current protocol does not provide an
assessment of systemic vascular resistance nor does it delineate
intrahepatic shunts, which we have postulated to underpin the
marked reduction in liver perfusion. We deliberately chose
aspects of MRI measurements that have been validated previ-
ously by our group and others based on comparison to gold
standard reference tests including invasive angiography and
liver biopsy. The current imaging protocol has been performed
on 1.5 T but can easily be applied at 3 T, which provides higher
signal-to-noise ratio and spatial resolution. Demonstrating that
monitoring of therapy with MRI protocols can change hard
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clinical outcomes and is cost effective within a multicentred
randomised controlled trial will be required before considering
implementation into clinical care.

We have shown that quantitative MRI can provide a global
picture of cirrhosis by measuring aspects of flow, volume, com-
position and perfusion in critical organs. The change of key
parameters including liver T,, liver perfusion and renal cortical
T, in both progressive disease and in liver-related clinical out-
comes has tangible utility in the understanding and treatment
of the complications of chronic liver disease.
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Fig. S1. Analysis pipeline for A) renal and spleen, and B) liver T1 and ASL data. Example image

analysis indicating segmentation of the kidneys, definition of cortex and medulla masks using
histogram analysis, and the application of the renal cortex mask to an arterial spin labelling
perfusion map allowing the interrogation of renal cortex perfusion. Similar steps are

performed to assess perfusion and T1 values in the spleen and liver.
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Fig. S2. Liver T1 relaxation time as a measure of fibrosis as assessed by gold standard liver
biopsy. Scatter plot of the distribution of liver T relaxation time with pathologist’s estimate
of fibrosis in the F4 group, methods based on those described in [17]. Spearman rho and p-

value of correlation shown.
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Fig. S3. Liver T1 relaxation time as a measure of ELF and LSM. Scatter plot of distribution of

liver T1 relaxation time with ELF and LSM as measured from Fibroscan®, with Spearman rho

and p-value of correlation shown.
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Fig. S4. Liver perfusion as a measure of ICG_PDR and ICG_R15. Scatter plot of distribution of
liver T1 relaxation time with plasma disappearance rate (ICG_PDR) and retention rate at 15

minutes (ICG_R15), with Spearman rho and p-value of correlation shown.
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Fig. S5. Organ volume normalised blood flow measures in healthy volunteers (HV),
compensated cirrhosis patients (CC) and decompensated patients (DC). Plots show
normalised liver blood flow, normalised splenic blood flow, and normalised renal blood flow.
Data analyzed using one-way ANOVA, followed by a Tukey post-hoc test. *p < 0.05, **p <0.01,

**#%p < 0.005, ****p < 0.001.
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Fig. S6. Estimated HVPG. Estimated HVPG computed using liver T1 relaxation time and splenic

artery velocity measures, based on the model proposed in [20].



Table S1: Intra-subject repeatability of the multiparametric MRI measures. Abbreviations:
CoV coefficient of variation; CSA cross sectional area; SMA superior mesenteric artery; T1

longitudinal relaxation time.

Liver CoV Spleen and SMA CoV Renal/Cardiac CoV
(%) (%) (%)

Liver volume 4.6 Spleen volume 5.2 Renal volume 4.2
Liver T1 1.5 Spleen T 1.8 Cortex T1 2.0
Medulla T1 1.8

Portal vein flow 18.6 Splenic artery flow 11 Renal Artery Flow 14.4

Portal vein CSA 9.5 Splenic artery CSA 7.3 Renal Artery CSA 111

Hepatic artery 22.7 SMA flow 7.6 | Global single kidney | 14.9
flow perfusion

Hepatic artery 13.3 SMA CSA 5.3 ASL renal cortex 9.3
CSA perfusion

ASL Perfusion 12 Spleen perfusion 6.9 Cardiac Index 8.2




Table S2: Baseline characteristics of healthy volunteers, and the compensated

decompensated cirrhosis patients.

MR measure Healthy volunteer CC Patients DC patients
Liver volume (ml) 1480 £ 63 1778 £ 61 1523+ 111
Liver T1 (ms) 6375 748 £ 14 864 + 48
Portal vein flow (ml/s) 11.0+0.6 12.9+0.8 149+3.0
Portal vein CSA (mm?)  93.7+3.4 124.4+4.9 105.3 +13.9
Portal vein mean 12.0+0.6 11.0+0.7 13.9+2.0
velocity (cm/s)

Portal vein flow per 11.0% 0.6 11.9+0.8 11.9+2.2
beat (ml)

Hepatic Artery flow 3.21+0.3 43+0.3 46+0.9
(ml/s)

Hepatic Artery CSA 233z11.1 254+1.1 28.2+3.0
(mm?)

Hepatic Artery mean 139%1.1 174+1.1 15729

velocity (cm/s)

and



Hepatic Artery flow per 3.3+0.3 40+0.3 3.7+0.7
beat (ml)

Total hepatic flow 14.0%£0.8 17.0+£0.9 19.2+25
(ml/s)

Liver perfusion 185.1+9.8 141.5+7.9 100.5+9.5
(ml/100g/min)

Splenic volume (ml) 205+ 16 459 + 34 489.5+112
Splenic T1 (ms) 1031+ 11 1044 + 11 1075+ 50
Splenic  Artery flow 6.3+0.5 8.5+0.5 11.4+1.5
(ml/s)

Splenic  Artery CSA 30.5%1.6 36.4+2.8 31.5+£3.0
(mm?)

Splenic artery mean 21.6%+1.4 26.0+1.5 386+7.0
velocity (cm/s)

Splenic Artery flow per 6.6+0.6 7.9+0.5 9.1+1.2
beat (ml)

SMA flow (ml/s) 46+0.3 5.5+0.3 7.7+1.1
SMA CSA (mm?) 23.6+£1.2 253+1.1 26.6+£2.2




SMA mean velocity 19.7+0.7 21.7+0.8 30+4.7
(cm/s)

SMA flow per beat (ml) 4.5+0.2 5.0+£0.3 6.2+0.8
Splenic perfusion 1517 120+ 6 81+9
(ml/100g/min)

Renal volume (ml) 316+ 10 336+ 10 355+ 28
Renal T1 (ms) 1318 + 16 1295+ 17 1240 + 60
Renal Artery flow (ml/s) 5.6+0.2 5.7+0.2 5.6 +0.6
Renal Artery CSA (mm?) 20.5+0.7 21.3+0.8 22.1+2.2
Renal artery mean 27.6+0.8 259+1.1 26.71+4.0
velocity (cm/s)

Renal Artery flow per 5.710.2 49+0.2 45+0.6
beat (ml)

Renal cortex perfusion 223+8 215+11 199 £ 26
(ml/100g/min)

Cardiac Index 2.42+0.06 2.76 £ 0.09 3.06 £ 0.38

(L/min/m?)




Cardiac Wall mass Index 39.0+1.1 40.0+1.7 223+2.4

(g/m?)

Heart rate 59.6+1.6 67.2+1.6 76.2+3.1




Table S3: Characteristsics of the compensated cirrhosis patients with and without liver
related outcome (LRO). All values shown are mean (standard deviation) except * which

indicate median and interquartile range.

MR measure LRO No LRO P value
Liver volume (ml) 1948 (521) *1728 (740)  0.25
Liver T1 (ms) 853.7 (125) 720 (73) <0.001
Portal vein flow (ml/s) 8.7 (6.5) 13.8(5.7) 0.01
Hepatic Artery flow (ml/s) 3.8(1.9) 4.1(2.7) 0.58
Total hepatic flow (ml/s)

Liver perfusion 93.3(32.2) 162.5(46.2) <0.001
(ml/100g/min)

Splenic volume (ml) 550 (331) 432 (224) 0.14
Splenic T1 (ms) 1001 (80) 1048 (74) 0.09
Splenic Artery flow (ml/s) 8.2 (3.3) 8.6 (3.3) 0.79
SMA flow (ml/s) 7.4 (3.6) *4.6 (2.8) 0.04
Splenic perfusion 92.3 (41.8) 125.1(39.4) 0.04
(ml/100g/min)

Renal volume (ml) 348 (82) 340 (67) 0.76




Renal T1 (ms)

Cortex 909 (89) 1012 (71) <0.001
Medulla 1149 (119) 1321 (97) <0.001
Cortoicomedullary 239 (44) 292 (80) 0.003
difference

Renal Artery flow (ml/s) 5.74 (1.8) 5.38(1.8) 0.56
Renal cortex perfusion 234 (109) 211 (60) 0.437
(ml/100g/min)

Cardiac Index (L/min/m?) 2.8 (0.6) *2.7(0.7) 0.77
Cardiac Wall mass Index 41.9(16.2) 39.8(11.8) 0.86

(g/m?)
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Variability of noninvasive MRI and biological ==

markers in compensated cirrhosis: insights
for assessing disease progression

Christopher R. Bradley ", Eleanor F. Cox', Naaventhan Palaniyappan'>", Guruprasad P. Aithal'?,
Susan T. Francis'*" and Indra Neil Guha'*""

Abstract

Background: We annually monitored stable compensated cirrhosis (CC) patients to evaluate serial variation in blood
serum, liver stiffness, and multiparametric magnetic resonance imaging (mpMRI) measures to provide reference
change values (RCV) and sample size measures for future studies.

Methods: Patients were recruited from a prospectively followed CC cohort, with assessments at baseline and annu-
ally over three years. We report on blood markers, transient elastography liver stiffness measures (LSM) and noninva-
sive mpMRI (volume, T1 mapping, blood flow, perfusion) of the liver, spleen, kidneys, and heart in a stable CC group
and a healthy volunteer (HV) group. Coefficient of variation over time (CoV;) and RCV are reported, along with hazard
ratio to assess disease progression. Sample size estimates to power future trials of cirrhosis regression on mpMRI are
presented.

Results: Of 60 CC patients enrolled, 28 with stable CC were followed longitudinally and compared to 10 HVs. CoV;

in mpMRI measures was comparable between CC and HV groups. CoV; of Enhanced Liver Fibrosis score was low (<
5%) compared to Fibrosis-4 index (17.9%) and Aspartate Aminotransferase-to-Platelet-Ratio Index (19.4%). A large
CoV4 (20.7%) and RCV (48.3%) were observed for LSM. CoV; and RCV were low for liver, spleen, and renal T1 values
(CoVy < 5%, RCV < 8%) and volume (CoVy < 10%, RCV < 16%); haemodynamic measures were high (CoVy 12-25%, RCV
16-47%).

Conclusions: Evidence of low CoVyand RCV in multiorgan T1 values. RCV and sample size estimates are provided for
future longitudinal multiorgan monitoring in CC patients.

Trial registration: ClinicalTrials.gov identifier: NCT02037867, Registered: 05/01/2013.

Keywords: Biomarkers, Disease progression, Liver cirrhosis, Multiparametric magnetic resonance imaging, Sample
size
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« Liver T1 and left ventricle wall mass were predicted
to best detect decompensation progression.

+ Sample size estimates for future multiorgan mpMRI
trials of CC regression are provided.

Background

The assessment of chronic liver disease using noninvasive
markers is firmly established within clinical practice to
study liver fibrosis across aetiology [1-4]. Baseline meas-
ures of chronic liver disease have been shown to provide
prognostic value in determining clinical outcomes [5],
using simple laboratory tests [6, 7], specific fibrosis markers
[8], and transient elastography (Fibroscan®) [6, 9]. Recently,
novel magnetic resonance imaging (MRI) techniques [10]
have been used to study liver disease, for example liver tis-
sue longitudinal relaxation time, i.e., T1, has been shown
to correlate with disease severity of liver fibrosis in a cross-
sectional study [11]. Liver MRI is now being used in clinical
trials of longitudinal change, and the need to study critical
organs such as the heart, kidneys and splanchnic circula-
tion is now recognised as a central aspect in the clinical
management of cirrhotic patients [12—14]. However, there
is limited knowledge of serial variation of multiorgan
MRI measures in healthy volunteers and stable patients.
It is important to know whether the increase or decrease
between two measurements collected serially in time is of
clinical significance.

The serial change in a measurement originates from
its technical variation (related to the test imprecision)
and the biological variation within a subject over time
- together this is described by the intra-individual coef-
ficient of variance across time (CoVy), as well as any
change in pathology due to disease progression or regres-
sion. For serial measures to reflect clinical improvement
or disease progression, any changes over time in the
absolute value of a measure should exceed the CoV .

The measurement of biomarkers in stable liver dis-
ease provides an insight into the temporal variation in
the serial, longitudinal measurement of a biomarker,
and the required change needed to reflect an alteration
in the underlying pathology. Studies reporting the vari-
ation in measures in stable patients with liver disease
are limited exclusively to blood tests and serum markers
[15-17]. In a recent paper, Trivedi et al. [18] assessed
the inter- and intra-individual variation in serum alka-
line phosphatase and enhanced liver fibrosis (ELF) score
over time in patients with primary sclerosing cholan-
gitis. They showed that serum alkaline phosphatase
could not associate with disease progression due to a
large CoV, whilst the ELF score had a lower CoV of <
5% and could be used to track fibrosis progression and
development of cirrhosis. To date, very few studies have
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reported the variation of MRI measures in chronic liver
disease [19, 20].

The aim of this study is to assess the serial annual vari-
ation in blood serum and multiorgan MRI measures of
blood flow, perfusion, volume, and T1 mapping in the
liver, kidney, and spleen in a stable compensated cirrhosis
(CC) patient group who did not develop any clinical out-
comes, ie., in the absence of decompensation and stable
validated measures of liver function: model for end-stage
liver disease (MELD) and United Kingdom model for
end-stage liver disease (UKELD). These data provide ref-
erence change values in compensated cirrhosis patients
to track disease progression or regression and for inter-
vention assessment in future studies.

Methods
Study design and cohort information
We performed a retrospective analysis of data from indi-
viduals enrolled in the Compensated Cirrhosis Cohort
in Nottingham (3CN Study), a study focused on track-
ing liver disease [10] (research approval 10/H0403/10).
Inclusion criteria were evidence of cirrhosis based on
histology and radiological features and no evidence of
decompensation (ascites, significant jaundice, hepatic
encephalopathy, and variceal bleeding), hepatocellular
carcinoma, and portal vein thrombosis. Exclusion cri-
teria included orthotopic liver transplantation, ischae-
mic heart disease, alcoholic cardiomyopathy (defined by
clinical evidence of systolic dysfunction) and valvular
heart disease (defined by echocardiography). CC patients
were managed in accordance with standard clinical care
guidelines [21]. For alcoholic and non-alcoholic fatty
liver disease (NAFLD), lifestyle intervention was offered
including referral to an alcohol counsellor and/or dieti-
cian, both with a special interest in chronic liver disease.
For patients with chronic hepatitis C, the treatment regi-
mens followed the national guidelines appropriate to
the specific area (directly acting anti-viral treatment). In
addition, patients attended six-monthly clinical research
visits (physical examination, blood tests, and Fibroscan®)
and an annual research multiparametric MRI (mpMRI).
Patients were assessed at baseline and returned for
research visits for up to 3 years. Of the 60 CC patients
scanned at baseline, 28 formed our stable control CC
group. They did not develop any clinical outcomes
(absence of decompensation and stable validated MELD
or UKELD measures of liver function) and accepted to
take part in longitudinal follow-up are studied in this
work. Figure 1 provides an overview of the study pro-
tocol and annual research visits, illustrating 28 control
CC patients at year 1, with 11 completing their year 3
follow-up. In addition, of the 40 healthy volunteers (HVs)
assessed at baseline, 10 HVs who were age, gender, and
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Fig. 1 Schematic of the study and consort diagram. Schematic of blood markers (MELD, UKELD, APRI, FIB4, ELF), Fibroscan® LSM, and
multiparametric magnetic resonance imaging (volume, T1-mapping, blood flow, perfusion) of the liver, spleen and kidneys, and cardiac index.
lllustration of healthy volunteers (HV) and compensated cirrhosis (CC) patients studied longitudinally as indicated by consort diagram. MELD Model
for end-stage liver disease, UKELD United Kingdom model for end-stage liver disease, APRI Aspartate aminotransferase to platelet ratio index, FIB4
Fibrosis-4, ELF Enhanced liver fibrosis, LSM Liver stiffness measure, TE Transient elastography

n=11
Longitudinal study Declined to
participate in
longitudinal study,
y n=21
Year 1 study visit
(n=28)
Declined further
——  study visits, n =
A 12
Year 2 study visit
(n=16)
Declined further
y study visits, n =5
Year 3 study visit
(n=11)

body mass index (BMI) matched to the year 3 CC patient
group were scanned at baseline and year 3. Decompen-
sated cirrhosis (DC) patients were scanned at baseline
only.

At each visit, participants attended following an over-
night fast. Blood samples assessed markers of liver fibro-
sis including Enhanced Liver Fibrosis (ELF), Aspartate
aminotransferase to Platelet Ratio Index (APRI) and
Fibrosis-4 (FIB4) index. mpMRI measures detailed below
were collected. In addition, Fibroscan® liver stiffness
measure (LSM) was obtained by an experienced opera-
tor. For the HV group, only ELF and MRI measures were
collected.

Multiorgan mpMRI protocol

Participants were scanned following a 6-hour fast,
between 8 am and 12 pm. All imaging was performed on
a 1.5-T Achieva scanner (Philips, Best, The Netherlands)
using a 16-element Torso receive coil and the body trans-
mit coil. In each 1-hour scan session, unenhnaced MRI
measures were collected on the liver (~20 min), splanch-
nic organs, and kidneys (~15 min), and heart (~10 min)
[10]. Imaging sequence parameters for all MRI measures
are shown in detail in Table 1. This comprised: liver-por-
tal vein and hepatic artery blood flow, liver perfusion, and

tissue T1 [11, 22]; spleen and superior mesenteric artery—
splenic artery and superior mesenteric artery blood flow,
splenic tissue perfusion and tissue T1; kidney—right renal
artery blood flow, kidney volume, renal tissue perfusion
[23, 24], and tissue T1 [24]; heart—cardiac index and left
ventricular (LV) wall mass index [25]. Organ volume
was measured from high resolution anatomical images.
T1 mapping was performed using a respiratory trig-
gered inversion recovery spin echo echo-planar imag-
ing scheme. Blood flow measures were performed using
phase-contrast MRI and perfusion using respiratory trig-
gered flow alternating inversion recovery arterial spin
labelling (ASL). Due to the longitudinal repeat measures
performed in this study, no dynamic contrast-enhanced
MRI measures were collected.

Image analysis

Volume of liver, spleen and kidneys

Analyze® (Version 9, Mayo Clinic https://analyzedirect.
com/) was used to draw an ROI around each organ (liver,
kidney, spleen) for each slice, with total organ volume
calculated by summing across slices. Liver and spleen
volumes were adjusted for patient body surface area
(BSA).


https://analyzedirect.com/
https://analyzedirect.com/
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Blood flow measures

MR Qflow (a plug-in available on the ViewForum Philips
Medical Systems, Best, The Netherlands https://www.
philips.co.uk/healthcare/product/ HCAPP013/-mr-
qflow-) was used to analyse phase-contrast MRI data.
For each vessel, a region of interest was drawn on each
cardiac phase to estimate flow by averaging the flow
velocity values and multiplying by vessel lumen cross-
sectional area. Mean flow was calculated by averaging
flow across cardiac cycle phases.

Cardiac function and structure

Cardiac MRI data was analysed using ViewForum soft-
ware (Philips Medical Systems, Best, The Netherlands).
phase-contrast MRI data of the aorta was analysed by
computing stroke volume and heart rate, then multiply-
ing these to yield cardiac output. This software was also
used to draw wall contours to calculate end diastolic
LV wall mass. Cardiac output and LV wall mass were
adjusted for patient BSA[NO_PRINTED_FORM].

Perfusion and T1 relaxation mapping of the liver, spleen

and kidneys

Inversion-recovery data were fit to a two-parameter
model to generate T1 maps. ASL analysis was performed
using MATLAB (2014a, Natick, MA, USA) and/or IDL
(version 8.0, Broomfield, CO, USA). Individual perfu-
sion-weighted images (control-label) were calculated,
inspected for motion (excluding > 1 voxel) and averaged
creating a perfusion-weighted image. Perfusion-weighted
image, base equilibrium magnetisation, M, image, and
T1 maps were used in a kinetic model [26] to compute
tissue perfusion maps.

A binary organ mask was formed to calculate mean
liver, spleen and renal cortex perfusion. For the liver and
spleen, masks were formed from the base M, image and
applied to T; maps to obtain the median T1 (excluding
major blood vessels with a T; > 1,300 ms) and perfusion.
Whole kidney masks were formed by manual segmenta-
tion of the T1 map, applied to the T1 and perfusion maps,
and the mode of each parameter calculated for each kid-
ney, the mean was then computed across kidneys.

Statistical analysis

In this stable CC control group, we aim to determine the
variance over time in blood serum, Fibroscan® LSM and
MRI measures of blood flow, structure, and perfusion,
and evaluate this in the context of future clinical trials.
To address this, we performed the following analyses
regarding (1) the changes with disease stage in the base-
line cross-sectional data; (2) the coefficient of variation
(CoV) within the stable CC control group at baseline
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(interindividual, groupwise CoV, CoVy); (3) the CoV
across time in annual measurements in individuals in the
stable CC control group (intraindividual, CoVy) and the
reference change value (RCV), defined as the percentage
change in a measure in an individual that can be attrib-
uted to pathological change, (as employed in a recent
study of high sensitivity cardiac troponin-T (hs-cTnT)
concentration in dialysis patients [27]); (4) the variation
in serum and MRI measures collected in HVs to deter-
mine whether the results differ between stable CC and
HV group; (5) the hazard ratio (HR) of these measures
to assess disease progression; (6) sample size estimates
for future longer-term clinical trials powered on mpMRI
measures to study cirrhosis regression. Details of each of
these analyses are provided below.

1. Cross-sectional multiparametric MRI measures with
disease stage. The percentage change in MRI measures
at baseline between the HV, CC, and DC groups was
calculated to determine clinically relevant increases or
decreases in measures.

2. Categorical change in clinical and MRI measures in
the stable CC control group. To demonstrate the sta-
bility of each clinical and MRI measure in the stable
CC control group, the percentage change from base-
line was computed for each individual at year 1, year
2, and year 3. After a Shapiro-Wilk test for normal-
ity, a paired Wilcoxon test confirmed no significant
changes between time-points (Prism 8, GraphPad
Software, Inc., La Jolla, CA, USA). The median (inter-
quartile range, IQR) group percentage change from
baseline at year 1, year 2, and year 3 was then calcu-
lated. For each measure, the CoV within the group at
baseline was computed (inter-individual, CoV).

3. Annual intra-individual variability in clinical and
MRI measures in the stable CC control group. The
year-to-year intra-individual variation in each meas-
ure was assessed by calculating the annual CoV in
each of the measures (year 1 versus baseline, year 2
versus year 1, year 3 versus year 2), and computing
the median of these CoVs defined to be the CoVp
(intraindividual variance across time). Importantly,
this variation combines the effect of the intraindi-
vidual biological variation and analytical sample
measurement error (from two repeat measurement
collected sequentially in time). The RCV was then
computed as follows:

RCV =2!/2 x Z x CoVr

For a significant (p < 0.05) one-directional change
a Z-score (Z) of 1.65 was used, and the log-normal
approach was used to compute the asymmetrical limits


https://www.philips.co.uk/healthcare/product/HCAPP013/-mr-qflow-
https://www.philips.co.uk/healthcare/product/HCAPP013/-mr-qflow-
https://www.philips.co.uk/healthcare/product/HCAPP013/-mr-qflow-
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for the upward (positive, RCV,;) and downward (nega- absolute value of a measure, whilst a negative HR indi-
tive, RCVy,,n) value of the log-normal RCV. cates a decrease. A HR > 1 or < -1 suggests that the MRI
measure could detect a significant pathological change.

4. Baseline to Year 3 intra-individual variability in 6. Sample size estimation for clinical trials detecting

clinical and MRI measures in the stable CC control regression of cirrhosis using MRI. To illustrate how

group and HV group. To assess whether the timing MRI measures could be used in clinical trials, the

and frequency of sampling are important factors in sample size needed to detect a clinically significant

CoVy and RCV measures, CoV was also computed change from compensated cirrhosis (F4) to advanced

for the stable CC control group from the baseline fibrosis (F3) at a power of 80% and confidence of

and Year 3 measures only, this was also performed 0.05 was calculated. For this, we extrapolate from the

for the HV group. The median intra-individual CoV change in T1 from F4 to F3 reported in our previous

across each group was then computed for CoVy. For work with biopsy-proven measures [11]. This showed

each measure, RCV and the asymmetrical limits were a change of 55 ms for T1 from F4 to F3, equivalent

computed from CoVy. The coefficient of variance at to 50% of the change in T1 from CC toward HVs

baseline (CoV) was also calculated for each group. reported in this study. Thus, to represent F4 to F3

5. Performance of measures to detect disease progression in other measures we also report the sample size
using MRI To evaluate the sensitivity to assess progres- needed for a 50% change from CC toward HV.

sion from HV to CC, a HR was computed for each MRI

measure, defined as the difference in absolute values

of a measure between HV and CC groups divided by ~ Results

the RCV in absolute units for that measure in the HV ~ Cross-sectional multiorgan mpMRI measures with disease
group. We also compute the HR for progression from  stage

CC to DC using the absolute value of the RCV of the At baseline, cross-sectional multiorgan MRI measures
CC group. A positive HR indicates an increase in the = were collected in 60 CC patients and 40 HVs, and DC
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Fig. 2 Baseline magnetic resonance imaging parameters for 40 healthy volunteers (HV), 60 compensated cirrhosis (CC) patients, and 7
decompensated cirrhosis (DC) patients. Baseline measures (mean and standard error of the mean) of the liver (volume, portal vein area, total hepatic
blood flow, liver perfusion, liver T1), spleen (volume, splenic artery flow and superior mesenteric artery flow, spleen perfusion, spleenT1), kidney
(renal cortex T1), and heart (cardiac index and left ventricle [LV] wall mass index) are shown, with the percentage change between the HV and CC
groups, and CC and DC groups shown by arrows. Asterisk indicates measures which are significantly different (p < 0.05, independent samples t-test)
between the CC and HV group [10]
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Table 2 Characteristics of the 60 compensated cirrhosis cohort divided into 28 stable control patients followed longitudinally in this
paper, and those non-returner patients excluded as they either failed to return for repeat assessments or developed a clinical outcome.

Also shown is the 10 healthy volunteer group followed longitudinally

Compensated cirrhosis

Healthy volunteers

Stable returners

Non-returners

N 28 32 10
Gender 17 male (61%) 18 male (56%) 6 male (60%)
Age (years) 59(8) 59 (13) 63 (4)
Aetiology 29% NALFD/18% ALD/25% HCV/28% 40% NAFLD/37% ALD/15% HCV/7% N/A
other other
BMI (kg/m?) 27.5(5.6) 28.5(4.9) 26 (3.0)
MELD 75(1.6) 6.9 (1.8) N/A
UKELD 43.1(29) 435(23) N/A
APRI 0.71 (0.61) 0.71(1.2) N/A
FIB4 25(1.8) 29(1.9) N/A
ELF score 10.2 (1.2) 11.5(1.9) 8.9(0.8)
Fibroscan® LSM (kPa) 18(17) 2321 N/A

Numbers in parentheses correspond to the standard deviation in measures unless stated otherwise

NAFLD Non-alcoholic fatty liver disease, ALD Alcoholic liver disease, HCV Hepatitis C virus, BMI Body mass index, MELD Model for end-stage liver disease, UKELD United
Kingdom model for end-stage liver disease, APRI Aspartate aminotransferase to platelet ratio index, FIB4 Fibrosis-4, ELF Enhanced liver fibrosis, LSM Liver stiffness

measure

patients. In patients with CC, a hyperdynamic circu-
lation resulted in increased blood flow in the liver,
splanchnic circulation and increased cardiac index,
with further increases in spleen blood flow and car-
diac index in patients with DC, as summarised in
Fig. 2. Liver and splenic perfusion was reduced in
patients with CC compared to the HV group, and per-
fusion in these organs was further reduced in those
with DC. No significant change in renal perfusion was
found between patients with CC and DC, and the HV
group. Liver tissue T1 increased in patients with CC
compared to HVs, and further increased in those with
DC. Spleen T1 was only significantly different from
the HV group in DC patients. In contrast, renal T1
reduced in patients with CC and further reduced in
those with DC, compared to HVs. LV wall mass was
significantly reduced in patients with DC compared to
HVs, whilst liver volume was found to increase only
in patients with CC, and spleen volume was increased
in patients with CC and DC compared to HVs. Note
that with disease progression liver volume and por-
tal vein area first increase from HV to CC and then
decrease as patients decompensate. This baseline
cross-sectional data has previously been described in
detail [10]. These results provide the context for the
percentage change in MRI measures between the HYV,
CC and DC groups, and the increase or decrease in
measures that are of clinical relevance when consider-
ing longitudinal variance of measures.

Baseline characteristics of the stable CC control group

and HV group

Of the 60 CC patients enrolled at baseline, on retrospec-
tive analysis, 28 stable CC control patients were followed
longitudinally. The baseline characteristics of this 28 sta-
ble CC group along with the 32 non-returners are pro-
vided in Table 2. The stable CC control group comprised
28 patients at year 1, 16 patients at year 2 and 11 patients
at year 3. Of the 28 stable CC control patients, 21 patients
(75%) had cirrhosis diagnosed from liver biopsy, 4 (14%)
from typical radiological features of cirrhosis (nodular
liver and evidence of portal hypertension), and 3 (11%)
from clinical findings of cirrhosis including typical clini-
cal history and presence of abdominal collaterals on
examination.

There was no significant change in the BMI during the
study period, with a median BMI of 28 (IQR 6), 28 (IQR
6), and 27 (IQR 4) kg/m? at years 1, 2, and 3 respectively.
All patients with chronic hepatitis C achieved sustained
virological response prior to the study. In alcohol-related
cirrhosis, abstinence from alcohol was noted among all the
patients. In addition, 10 age, gender, and BMI-matched
healthy volunteers were studied at baseline and year 3,
whose baseline characteristics are provided in Table 2.

Annual intra-individual variability in clinical measures

in the stable CC control group

Figure 3a shows the year-to-year percentage change
in MELD and UKELD scores, APRI, FIB4, ELF, and
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Fig. 3 a Year-to-year percentage change in clinical measures in the stable compensated cirrhosis control group. b Year-to-year coefficient of
variation (CoVy) in clinical measures in the stable compensated cirrhosis control group. Clinical measures of MELD, UKELD, APRI, FIB4, ELF scores,
and Fibroscan® LSM are shown. Bars indicate the interquartile range and the horizontal bold line shows the median, dots represent outliers. MELD
Model for end-stage liver disease, UKFLD United Kingdom model for end-stage liver disease, APRI Aspartate aminotransferase to platelet ratio index,

Fibroscan® LSM. There were no significant (p > 0.23)
changes in MELD, UKELD, APRI, FIB4, ELF score or
Fibroscan® LSM over the three years. Figure 3b shows
the year-to-year CoV; and Table 3 summarises the CoV,
CoVy, and RCV in the clinical measures in the stable CC
control group. For all clinical measures, CoV was lower
than CoVs. UKELD and ELF score showed the lowest
annual variation with a median CoVy of 2.2% and 4.0%
respectively. Fibroscan® LSM had the largest annual vari-
ation with median CoV of 20.7%. The RCV values pro-
vide the percentage change in a serial measurement that
represents a statistically significant (p < 0.05) change.
The RCV for UKELD and ELF score was 5.1% and 6.8%,
respectively, whilst the RCV for Fibroscan® LSM was
markedly higher at 48.3%.

Annual intra-individual variability in MRl measures

in the stable CC control group

Figure 4 shows the year-to-year percentage change in
MRI measures. In this stable CC control group, there was
no significant difference in any MRI measure when com-
pared year-to-year. Figure 5 shows the CoV of each MRI
measure. The annual variation in structural-related MRI
measures (volume and T1) is smaller than haemodynamic
measures (vessel flow and tissue perfusion). The CoV of
liver and spleen volume was < 10%, whilst the CoV of liver,
spleen and renal cortex T1 was < 5%. Contrastingly, flow
measurements of splanchnic circulation (splenic artery and
superior mesenteric artery) had a median CoV; of 25% and
16%, respectively. For comparison, in Fig. 5, the technical
variation (analytical CoV, CoV,) measured in HVs from
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Table 3 Interindividual baseline variance (CoV), intraindividual variance across time (CoVy), reference change value (RCV), and
asymmetrical limits of the log-normal RCV (RCVUD/RCVdOWH) for clinical (serum markers MELD, UKELD, APRI, FIB4, ELF); Fibroscan® LSM)
and magnetic resonance imaging (MRI) measures

CoVy (%) RCV (%) RCV,;p/RCV goun (%)
Clinical measures
MELD (stable CC annual) 26.2 8.6[7.0] 176 19.9/-15.6
UKELD (stable CC annual) 6.6 220171 5.1 5.5/-5.1
APRI (stable CC annual) 1043 194 [10.0] 395 51.8/-304
FIB4 (stable CC annual) 78.1 17.9110.8] 364 46.6/-28.6
ELF score Stable CC annual 104 401[3.2] 6.8 83/-7.7
Stable CCb-Y3 84 4.2[3.0] 86 9.1/-8.1
HV b-Y3 76 36[2.1] 74 70/-7.7
Fibroscan® LSM (Stable CC annual) 59.8 20.7 [21.6] 483 93.0/-41.0
MRI'measures
Liver volume Stable CC annual 266 7.51[34] 131 16.8/-14.4
Stable CC b-Y3 216 9.41[8.1] 191 21.8/-16.8
HV b-¥3 99 1.8[5.7] 36 37/-35
Portal vein area Stable CC annual 316 11.0[94] 168 22.0/-18.1
Stable CC b-Y3 224 11.0[94] 19.2 21.9/-16.8
HV b-Y3 225 124[82] 254 21.4/-30.1
Total hepatic blood flow Stable CC annual 30.2 12.2116.8] 263 36.9/-26.9
Stable CC b-Y3 199 9.1[11.5] 186 21.1/-164
HV b-Y3 278 28.1[334] 655 114/-534
Liver perfusion Stable CC annual 310 21.00147] 408 61.7/-38.2
Stable CC b-Y3 16.8 20.6[22.7] 311 424/-31.8
HV b-Y3 293 13.1[20.8] 26.7 32.0/-223
LiverT1 Stable CC annual 1.0 421[22] 73 9.1/-84
Stable CC b-Y3 12.7 50[4.2] 102 11.0/-9.6
HV b-Y3 6.2 25[25] 5.1 5.3/-49
Spleen volume Stable CC annual 484 95[5.8] 153 19.9/-16.6
Stable CC b-Y3 35.1 1174 226 26.5/-194
HV b-Y3 284 14.8[5.3] 30.1 24.6/-37.0
Splenic artery flow Stable CC annual 386 25.0[24.5] 46.5 729/-42.2
Stable CC b-Y3 352 8.2[12.5] 16.7 18.7/-149
HV b-Y3 334 18.0[30.2] 36.7 47.1/-28.7
Superior mesenteric artery flow Stable CC annual 353 15.7 (9.7 311 445/-30.8
Stable CC b-Y3 36.8 13.7[16.9] 280 33.9/-232
HV b-Y3 23.1 9.8[7.9] 20.0 17.4/-229
Spleen perfusion Stable CC annual 314 16.0[9.2] 263 36.6/-26.8
Stable CC b-Y3 364 1142171 232 27.3/-19.9
HV b-Y3 271 104 (34] 212 184/-24.9
SpleenT1 Stable CC annual 7.7 28[3.7] 4.1 5.0/-4.8
Stable CC b-Y3 52 42[37] 85 9.0/-8.0
HV b-Y3 59 231[28] 46 4.5/-47
Renal cortexT1 Stable CC annual 10.1 36[25] 6.6 82/-76
Stable CCb-Y3 92 36037 74 70/-77
HV b-Y3 56 241[23] 49 4.8/-47
Cardiac Index Stable CC annual 267 95([7.9] 192 25.6/-204
Stable CC b-Y3 275 10.9[10.9] 224 26.0/-19.2
HV b-Y3 205 7.419.0] 151 16.7/-13.7
LV wall mass index Stable CCannual 318 153[11.2] 331 324/-479
Stable CCb-Y3 283 13.81[69] 282 34.1/-233
HV b-Y3 326 10.1[8.9] 20.7 23.8/-18.0

For each parameter, variation indices are given for annual variability in the stable compensated cirrhosis (CC) control group (stable CC annual), and for baseline to year

3 variability in the stable CC control group (Stable CC b-Y3) and the HV group (HV b-Y3)

CoV coefficient of variation, MELD model for end-stage liver disease, UKELD United Kingdom Model for end-stage liver disease, APRI aspartate aminotransferase to
platelet ratio index, FIB4 Fibrosis-4, ELF enhanced liver fibrosis, Fibroscan® LSM Liver stiffness measure, LV left ventricle
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Fig. 4 Year-to-year percentage change in magnetic resonance imaging measures in the stable compensated cirrhosis control group. Measures
liver (volume, portal vein area, total hepatic blood flow, liver perfusion, liver T1), spleen (volume, splenic and superior mesenteric artery flow, spleen
perfusion, spleen T1), kidney (renal cortex T1), and heart (cardiac index and left ventricle [LV] wall mass index) are shown. Bars indicate interquartile
range and horizontal bold line shows the median percentage change, dots represent outliers

triplicate scans 1 week apart [10] is shown. Table 3 sum-
marises CoV, CoVr, and RCV in annual MRI measures
in the stable CC control group. The lowest values of RCV
were for liver T1 (7.3%), spleen T1 (4.1%), and renal cortex
T1 (6.6%), with the highest RCV values, were seen for liver
perfusion (40.8%) and splenic artery flow (46.5%).

Since Fibroscan® LSM [28], ELF [29], and liver T1 [11]
have each been shown to provide a method to evaluate
liver fibrosis, Fig. 6 illustrates the year-to-year percent-
age change and the CoV; in these measures for those
stable CC control patients who completed all three
annual follow-up scans. All individual ELF score and
liver T1 show a percentage change < 17.5% and < 14.6%,
respectively, and year-to-year CoV < 13.8% and < 11.4%,
respectively, whilst Fibroscan® LSM had a percentage
change of up to 150%, resulting into a CoVy of 83%.

Baseline to year 3 intraindividual variability in clinical and MRI
measures in the stable CC control group and HV group

To assess whether the timing and frequency of sam-
pling are important factors in RCV measures, the CoV

and RCV in clinical and MRI measures for subjects
(stable CC and HV) studied between baseline and year
3 were calculated, as shown in Table 3. There was no
noticeable difference in RCV values computed for the
different frequency of measures (annual versus baseline
to year 3) for the stable CC control group. RCVs were
similar between the stable CC control group and the
HYV group for baseline to year 3 measures.

Performance of measures to detect change in disease
stage

Figure 7 provides a schematic of the HR for disease pro-
gression. Figure 7a (i) shows the progression of HV to
CC, for which a HR much higher than 1.0 was found
for liver T1, BSA-corrected liver and spleen volume and
hepatic blood flow and is ~1.0 for portal vein area, car-
diac index, splenic and superior mesenteric artery flow,
and ~ -1.0 for liver and spleen perfusion and renal cortex
T1. For progression from CC to DC, Fig. 7a(ii) shows that
the HR of portal vein area and liver volume changes sign
to ~ -1, whilst liver T1 remained much higher than 1.0.
Similar HRs were found for other MRI measures between
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HV to CC and CC to DC, except for LV wall mass which
is lower than -1 for CC to DC.

Estimating sample sizes for clinical trials to predict
regression of cirrhosis using multiparametric MRI

Figure 7b shows the sample size of each MRI measure
required in a clinical trial to assess cirrhosis regression
from F4 toward F3, shown as a percentage change from
the mean MRI value in the stable CC group. For a dis-
ease state change from F4 to F3, liver T1, spleen and liver
volume, and portal volume area require a sample size of
lower than 100.

Discussion

Here we evaluate the serial variation of clinical meas-
ures and multi-organ (cardiac, kidney, liver and splanch-
nic circulation) multiparametric MRI measures that
have the potential to study disease-related changes in
patients with CC and HVs. Repeatability of quantitative
MRI measures has generally been assessed in HVs across
vendors and field strength over a period of hours or up

to 1 week (e.g, liver T1 and T2% as reported by Bachtiar
et al. [30]). To our knowledge, limited long-term repro-
ducibility data has been collected in only healthy con-
trol subjects and serial variation has not previously been
evaluated in imaging biomarkers in patients with stable
CC. Knowledge of such variability is important since
many trials are now beginning to study serial annual MRI
changes, for example due to drug treatments [20, 31].
The lack of a control group is often stated as a limitation
in such longitudinal trials [31]. In this study, stable CC
patients who remained compensated for at least 2 years
following their final MRI visit were followed annually to
determine the variability in clinical and multiorgan MRI
measures.

Among the clinical measures, ELF was most consistent
with a year-to-year CoVy < 5% and RCV of 6.8%; in com-
parison, APRI and FIB4 showed scores with CoV 1 of 19%
and 18%, and RCV of 36% and 39%, respectively. Fibros-
can® LSM had a median (IQR) year-to-year CoV- of 20.7%
(21.6%) resulting into a large RCV of 40.8%. This level of
change agrees with Nascimbeni et al. [19], who reported a
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Fig. 6 ELF score, Fibroscan® LSM and liver T1 for the stable compensated cirrhosis control patients who completed all three annual follow-up
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atyear 1, year 2, and year 3. Bars indicate the interquartile range and bold line shows the median percentage change. There was no significant
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retrospective analysis of 500 paired Fibroscan® LSMs with
a variation of over 50% in 61 paired measurements. Thus,
an increase in LSM of 33% (i.e., from 15 kPa to 20 kPa)
would not reflect a true change, which would have impli-
cations on clinical management of this patient. A LSM of
less than 20 kPa is the threshold set by Baveno VI guide-
lines [32] to avoid screening gastroscopy for varices, but if
LSM subsequently increases on annual follow-up, endos-
copy is recommended. In comparison to previous studies,
Vergniol et al. [6] showed that the change from baseline
to 3 years in LSM from Fibroscan®, APRI and FIB4 has
prognostic value in chronic hepatitis. Siddiqui et al. [33]
showed that FIB4, APRI, and NAFLD fibrosis scores
can detect fibrosis progression, whilst Hartl et al. [34]

performed annual LSMs and showed LSM was a reliable
predictor in autoimmune hepatitis.

Liver T1 has been shown to provide a marker of liver
disease due to increases in extracellular tissue fluid that
occurs in response to inflammation and fibrosis, this had
a low annual variance of CoV of 2.5% across the 3-year
follow-up period in HVs and 4.2% in CC, with a RCV <
7%. Using LiverMultiScan® in a noncirrhotic population,
Harrison et al. [10] showed a similar liver T1 CoV of 2.3%
over an 18-week period. Renal cortex T1, which has been
shown to decrease in cirrhosis, and spleen T1 was also
consistent over the 3-year period, with a CoVT of 3.6 and
2.8%, and resulting into a RCV < 7%. It should be noted
that here we have a fat-suppressed inversion recovery
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spin-echo echo-planar imaging scheme for T1 mapping
rather than a modified Look-Locker inversion recov-
ery, MOLLI, scheme, as the former is not confounded by
the effect of iron, fat, and frequency offsets [35]. These

measures can be compared to the use of gadolinium
ethoxybenzyl-diethylenetriaminepentaacetic acid, Gd-
EOB-DTPA, pre- and postcontrast images to assess liver
function and the degree of liver fibrosis, where a CoV of
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7.1% has been reported in cirrhotic patients [36]. However,
it should be also noted that the absence of both previous
reaction to MRI contrast media and renal failure is neces-
sary to undergo this contrast-enhanced T1 relaxometry.

The CoVy of haemodynamic measures, which fluctuate
with daily physiology, were higher than structural meas-
ures, with RCVs of 20-30% for vessel measures and ~50%
for organ perfusion. We have previously shown the within-
session analytical CoV of phase-contrast MRI measurements
of hepatic and splanchnic flow to be 10% [10], and that the
RCV includes the biological variation and differences in scan
planning. Of note, hepatic and splenic artery flow measure-
ments appear least consistent likely due to the increased dif-
ficulty in identifying and planning of these vessels. Here we
use a flow alternating inversion recovery-based ASL scheme,
which labels both blood from the hepatic artery and portal
vein, and accounts for measured T1 in perfusion quantifica-
tion. The values measured are similar to those reported in
dynamic contrast-enhanced studies which show liver perfu-
sion parameters to have a CoV of 39% 1 week apart [37].

The HR plots highlight that those measures which best
detect clinical change are liver T1, BSA-corrected liver and
spleen volume and total hepatic blood flow for progres-
sion from HV to CC, whilst liver T1 and LV wall mass best
detected the evolution of CC into DC. Portal vein area and
liver volume MRI measures increased from a healthy state
to CC, and then decreased as DC occurs, so particular care
should be taken when assessing these measures as a reduc-
tion in a marker could simultaneously indicate progression
or regression. However, these markers used in combina-
tion with markers that progress/regress linearly could help
provide better individual patient care.

New drugs are now becoming available to study CC
regression/nonprogression [38], and here we showed
those MRI measures suited to monitor such changes
in clinical trials, with liver T1, spleen and liver volume
and portal volume being the best candidates.

The main limitations of our study relate to the rela-
tively low sample size and the dropout of patients
through the follow-up period. As with all longitudinal
studies, we encountered patient attrition which resulted
in fewer patients at the end of the study. However, this
is the first prospective study to attempt to specifically
address the question of the biological variation in non-
invasive markers in cirrhosis.

In conclusion, we provided the CoVg CoVy, and
RCV for clinical and MRI measures in stable CC
patients. This is the first time that detailed serial non-
invasive MRI measures have been reported. The RCVs
can be used to interpret the change in measures in CC
patients. We have used these to estimate sample size to
power future clinical trials of cirrhosis regression using
multiparametric MRI measures.
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Abstract

Methods We applied multiparametric MRI to assess changes in liver composition, perfusion and blood flow in 17 patients before

direct-acting antiviral (DAA) therapy and after treatment completion (within 12 weeks of last DAA tablet swallowed).

Results We observed changes in hepatic composition indicated by a reduction in both liver longitudinal relaxation time (T1, 35 +

4 ms), transverse relaxation time (T2, 2.5 £ 0.8 ms; T2* 3.0 £ 0.7 ms), and liver perfusion (28.1 +19.7 ml/100 g/min) which we

suggest are linked to reduced pro-inflammatory milieu, including interstitial oedema, within the liver. No changes were observed

in liver or spleen blood flow, splenic perfusion, or superior mesenteric artery blood flow.

Conclusion For the first time, our study has shown that treatment of HCV with DAAs in patients with cirrhosis leads to an

acute reduction in liver T1, T2 and T2* and an increase in liver perfusion measured using MR parameters. The ability of

MRI to characterise changes in the angio-architecture of patients with cirrhosis after intervention in the short term will

enhance our understanding of the natural history of regression of liver disease and potentially influence clinical decision

algorithms.

Key Points

* DAAs have revolutionised the treatment of hepatitis C and achieve sustained virological response in over 95% of patients, even
with liver cirrhosis.

* Currently available non-invasive measures of liver fibrosis are not accurate after HCV treatment with DAAs, this prospective
single-centre study has shown that MRI can sensitively measure changes within the liver, which could reflect the reduction in
inflammation with viral clearance.

o The ability of MRI to characterise changes in structural and haemodynamic MRI measures in the liver after intervention will
enhance our understanding of the progression/regression of liver disease and could potentially influence clinical decision
algorithms.

Keywords Hepatitis C - Magnetic resonance imaging - Echo-planar imaging - Sustained virologic response
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(DAASs) have revolutionised HCV treatment, with sustained
virological response (SVR) rates approaching 100% in com-
pensated cirrhosis [2-4], emerging data suggesting excellent
SVR in decompensated liver disease [5, 6]. Despite high SVR
rates, there is an incomplete understanding of the effect of viral
clearance on the liver in the context of DAA therapy. The
progression or regression of fibrosis and/or portal hypertension
caused by DAA therapy could have implications for each pa-
tient wider than chronic HCV management alone. Potential
changes include those reflecting liver composition, including
volume, inflammation and fibrosis; and hepatosplanchnic hae-
modynamic changes, including liver perfusion and blood flow.

Improvement in clinical outcomes following HCV eradica-
tion with treatment regimens of pegylated interferon and riba-
virin is established; large cohort studies show differences in
liver decompensation rates between SVR and non-SVR
groups: hazard ratio (HR) 0.24 (95% CI 0.14-0.42), p <0.001
[7]; HR 0.26 (95% CI 0.17-0.39), p <0.001 [8]; and HR 0.15
(95% C10.06-0.38), p = 0.04 [9]. Assessment by invasive liver
biopsy in HCV patients with established cirrhosis has shown
regression of cirrhosis in 61% and reduction of collagen in 89%
of patients at 61 months following an SVR [10]. Further studies
using liver biopsy have shown cirrhosis regression rates of 46
to 75% after 3—10 years [11-14]. Although promising, regres-
sion was not ubiquitous nor studied in those with the most
advanced liver disease due to the known risks of treatment with
interferon and ribavirin. It remains unproven whether the re-
gression seen was due to selection bias of those who achieved
SVR, aviraemia or an immunomodulatory effect of the inter-
feron itself [15]. Hepatic venous pressure gradient (HVPG), an
invasive measure of portal hypertension, also improves with
SVR [16-18]. Together, this published data builds a strong case
for the concept of regression.

However, individual and invasive techniques for measur-
ing fibrosis and portal hypertension respectively do not assess
the complex pathophysiological changes associated with pro-
gression and regression of chronic liver injury. Furthermore,
ethical and practical constraints limit serial liver biopsy sam-
pling with DAA therapy. A multicentre prospective study,
with paired invasive HVPG and non-invasive transient
elastography (TE), demonstrated DAA therapy significantly
reduced HVPG, but patients continued to have clinically sig-
nificant portal hypertension and remained at risk of decom-
pensation [19]. Currently available clinical non-invasive
markers, including TE, overestimate regression compared to
biopsy after SVR [19, 20]. In an era of novel antifibrotic
therapy on the horizon, robust non-invasive biomarkers for
use in advanced liver disease patients who receive DAA ther-
apy to understand the structural and functional changes in the
liver and stratify ongoing risk post SVR and focus interven-
tions are required.

Non-invasive, contrast agent-free, quantitative
multiparametric magnetic resonance imaging (MRI) provides

the opportunity to assess liver composition (volume, fibrosis/
inflammation) and haemodynamics (liver tissue perfusion,
blood flow) in a single scan session (<40 min). Longitudinal
relaxation time (T;) of liver tissue is validated against
inflammation/fibrosis on liver biopsy [21-23], and MRI mea-
surements also closely correlate with the invasive HVPG mea-
surement [24]. Inflammation lengthens hepatic transverse re-
laxation time (T,) in liver disease [25-27]. More recently,
specific MR liver biomarkers, including liver T, and liver
perfusion, predicted clinical outcomes [28, 29].

Here, we collect quantitative MRI data in patients with
liver cirrthosis who underwent DAA therapy from the NHS
England expanded access programme [5]. This study de-
scribes the early changes in structural and haemodynamic
MRI measures in the liver between baseline (pre-treatment)
and follow-up to SVR (immediately post-treatment) at a 3—6-
month time window following the start of DAA therapy, in
patients with advanced end-stage liver disease.

Methods

In this prospective, observational study, patients were recruit-
ed through the NHS England expanded access programme,
established to prioritise treatment for patients with greatest
clinical priority, including compensated and decompensated
liver disease. Treatment was with sofosbuvir plus, by clinician
choice, ledipasvir or daclatasvir, with or without ribavirin [5,
30]. The study received ethical approval from the NRES
Committee East Midlands - Derby 1 (Research Ethics
Committee reference 11/EM/0314). Once enrolled in the
study, if a subject did not attend a study visit after treatment,
they were sent a letter and telephoned twice by the research
team and withdrawn from the study if uncontactable.

Patients underwent a detailed MRI study before DAA ther-
apy and after treatment completion (within 12 weeks of last
DAA tablet swallowed). Patients followed standard manage-
ment protocols for DAA therapy and monitoring. Routine
clinical information including medical history, clinical exam-
ination and laboratory values were recorded for each partici-
pant. Laboratory values were used to calculate validated
scores of ALT, Fib4 [25] and APRI [26] using freely available
online calculators.

MRI measures

MRI data were acquired on a 1.5-T Philips Achieva scanner
(Philips Healthcare Systems) in a single 40-min scan session
using methods described in [21]. Subjects were scanned feet
first supine after an overnight fast, using a body transmit and
16-element SENSEXL torso coil. The MRI protocol com-
prised a series of non-invasive measures to assess liver
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composition and haemodynamics. Multislice balanced fast
field echo (bFFE) images were initially acquired in three or-
thogonal planes (35 slices of 1.75 x 1.75 x 7 mm® resolution,
single breath holds per orientation) to locate the liver and
vessels of interest and to estimate liver volume.

Liver composition

Liver Ty, T, and T,* were mapped in nine axial slices through
the liver (field of view (FOV) 288 x 288 mm?, voxel size 3 x
3 x 8 mm?, 4-mm slice spacing). A modified respiratory-gated
inversion recovery sequence with a fat-suppressed spin echo
echo-planar imaging (SE-EPI) readout scheme was used to
measure liver T [22, 27, 28] (inversion times for first SE-EPI
image slice were 100-1000 ms in 100-ms increments). For all
inversion times, SE-EPI imaging slices were collected at end
expiration such that the first slice was collected at 1500 ms after
the respiratory trigger with subsequent slices collected with a
65-ms temporal slice spacing. The T; mapping sequence was
acquired with slices collected in ascend and descend slice or-
dering to increase the dynamic range of inversion times. In total,
20 inversion times were acquired in <3 min. A respiratory-
gated SE-EPI sequence was used to map liver T, comprising
six echo times (TE =27, 35, 42, 50, 60, 70 ms) in approximately
2 min. T,* mapping was collected using a multiecho fast field
echo (mFFE) sequence comprising 12 echo times (TE; =5 ms,
ATE =2.5 ms) acquired in a ~17-s breath hold. T, and T,*
datasets were geometrically matched to the T, dataset.

In-house software was used to create Ty, T, and T,* maps
(MATLAB, The MathWorks Inc.). Prior to data fitting, images
affected by motion (due to missing the respiratory trigger) were
discarded. To create T; and M, maps, data at the 20 inversion
times were fit using a voxel-by-voxel two-parameter fit. For T,
and T,* mapping, a voxel-by-voxel log-linear least-squares
method was used to fit the echo intensities to create T, and
T,* maps. To assess the quantitative T;, T, and T,* maps, a
region of interest covering the liver was selected and a histo-
gram of values within computed. A Gaussian curve was fitted
to the histogram to determine the mode of the Ty, T, and T,*
distribution within the liver; this procedure excludes regions
where vessels are visible within the liver.

Blood flow

Phase contrast (PC)-MRI assessed blood flow through vessels
in the hepatic circulation (portal vein, hepatic artery) as well as
vessels critically related to portal hypertension (splenic artery,
right renal artery, superior mesenteric artery (SMA)) with re-
constructed voxel size of 1.17 x 1.17 x 6 mm”® [22]. PC-MRI
was performed using a single slice turbo field echo (TFE);
slice was placed perpendicular to each vessel. Fifteen phases
were collected across the cardiac cycle for the portal vein, 20
phases for all other vessels, with velocity encoding in the
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portal vein of 50 cm/s, in the hepatic, splenic, renal arteries
100 cm/s, and 140 cm/s in the SMA. Each measurement was
acquired in a single < 20-s breath hold. Using Q-flow software
(Philips Medical Systems), mean artery cross-sectional area
(mm?), mean velocity (cm/s), and hence mean bulk flow
(ml/s) over the cardiac cycle were calculated for each vessel.

Liver perfusion

Respiratory-triggered flow-sensitive alternating inversion re-
covery arterial spin labelling (FAIR-ASL) data (288 x

288 mm? field of view, 3 x 3 x 8 mm°> voxel, 3 sagittal slices,
slice gap 5 mm) were collected with a balanced fast field echo
(bFFE) readout in approximately 5 min. A base (M) equilib-
rium scan and Ty map were also acquired for quantification of
hepatic tissue perfusion using a kinetic model. In-house soft-
ware was used to motion correct the images and perform au-
tomatic outlier rejection of images affected by movement prior
to quantification of tissue perfusion [29].

Statistical analysis

Statistical analysis was performed with GraphPad Prism7
software. Continuous variables are expressed as mean + stan-
dard deviation for normal data otherwise median (interquartile
range), while categorical variables are reported as number of
patients with (proportion of patients with) the certain
characteristic.

Paired Student’s ¢ test is used for comparisons between pre-
and post-treatments for normally distributed data and
Wilcoxon matched pairs signed-rank test when not normally
distributed. All statistical analysis is Bonferroni corrected for
multiple comparisons.

Repeatability of multiparametric MRl measures

To determine between session repeatability of MRI measures,
the intra-subject coefficient of variation (CoV) (defined as the
standard deviation/mean) of multiparametric MRI measures
was assessed. A subset of ten healthy participants (age 23—
37 years, body mass index 2026 kg/m?) had three scans, at
least 1 week apart and within 4 weeks, at the same time of day
and after an overnight fast to limit diurnal and dietary variabil-
ity. This healthy participant study was approved by the
University of Nottingham Ethics committee.

Results

Seventeen HCV patients with advanced liver disease
underwent DAA therapy within 1 week of their pre-
treatment MRI scan (Table 1). Patients returned for their
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Table1 Pre-treatment characteristics of the 17 hepatitis C virus patients Table 2 Coefficient of
consented to this study variance of MRI MRI Measure CoV (%)

measures
Demographic table Liver volume 4.6
. ] Liver T, 1.5

Variable All patients Liver T, 43
Age, mean (SD) 53 (8) Liver T2* 3.7
Male (%) 14 (82%) Portal vein flow 13.6
Transplant (%) 3 (18%) Hepatic artery flow 22.7
Cirrhosis (%) 15 (88%) Liver perfusion 12
MELD (IQR) 8 (7-8.25) Spleen volume 52
Compensated (%) 7 (41%) Spleen T 1.8
Decompensated (%) 8 (47%) Splenic artery flow 11
Previous variceal haemorrhage 4 (23%) SMA flow 7.6
Ascites 2 (12%)
Jaundi 2 (12% . . .

a.un e (12%) blood flow measure (hepatic artery, splenic artery, superior
Diabetes (%) 2 (12%)

Body mass index median (IQR) 25.6 kg/m?(24.0-27.9)

HCV genotype
1 (%) 9 (53%)
2 (%) 1 (6%)
3 (%) 7 (41%)

post-treatment MRI scan at a median of 22 days (3—79 days)
after the last DAA taken. Study demographics are provided in
Table 1. Sixteen of 17 patients (94%) achieved SVR, defined
as undetectable serum viral RNA 12 weeks after treatment
completion. Validated serum clinical liver markers of ALT,
Fib4 and APRI were collected at pre- and post-MRI time
points. The majority of patients had significantly improved
liver function test scores post-treatment compared to pre-
treatment (Fig. 1), with a significant group reduction in ALT,
Fib4 and APRI.

Table 2 shows that all MR volume and relaxometry mea-
sures had a CoV <5%, and all haemodynamic measures
< 15%, apart from hepatic artery blood flow. There were sig-
nificant changes in the liver microstructure as assessed by MR
relaxation times with DAA therapy, with a significant reduc-
tion in liver Ty, T, and T,* after treatment; however, no
change was observed in splenic T, (Fig. 2). Figure 3 shows
the example of liver Ty, T, and T,* maps pre- and post-DAA
therapy. No significant differences were observed in liver or
spleen volume. No significant changes were observed in any

a b

100 12

60 P=0.03

ALT

Fib4

o N & o ®

\. P=0.01 4
% 2

—

mesenteric artery or portal vein); however, there was an in-
crease in liver perfusion following DAA therapy (Fig. 4).
Paired perfusion data is presented for n=9 participants, all
of whom achieved SVR. The remaining subjects had inade-
quate paired data due to insufficient anatomical matching be-
tween Visits.

Discussion

Using multiparametric MRI in patients with HCV-related cir-
rhosis pre- and post-DAA therapy, we have demonstrated sig-
nificant changes in the liver composition (T, T, and T,*) and
haemodynamics over a short time period following clearance
of HCV infection. We did not observe any changes in bulk
hepatic or splanchnic blood flow in the short time frame be-
tween MRI scans.

To our knowledge, this is the first study to document
changes in MR parameters following DAA therapy. Few pre-
vious studies have assessed the effect of HCV treatment on
MRI measures. One previous study assessed the effect of
HCV treatment (pegylated interferon, ribavirin, telaprevir)
on liver diffusion, demonstrating reduced liver apparent diffu-
sion coefficient suggested to be associated with ultrastructural
changes such as cell necrosis/apoptosis and inflammatory cell
infiltration [31]. A recent study showed a small increase in
liver volume following antiviral treatment, which was larger

(]

6

APRI

§ P00t

Pre-Treatment  Post-Treatment

Pre-Treatment Post-Treatment

o
Pre-Treatment  Post-Treatment

Fig. 1 Liver function test markers of all 17 participants (16 of whom achieved SVR) pre-treatment and post-treatment. a A significant reduction in ALT
of 54+25. b Fib4 reduced by 1.6 +0.5.c APRI score showed a significant reduction of 31.0+0.3
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Fig.2 Post-treatment with DAA therapy showed (a) a reduction in liver T; of 35 =4 ms, (b) a reduction in liver T, of 2.5 + 0.8 ms and (c¢) a reduction in
liver T>* by 3 +0.7 ms. d—f No significant difference is observed in spleen T, liver volume or spleen volume between pre- and post-DAA treatments

in patients with SVR [31], interpreted to indicate liver regen-
eration and/or recovery and reduced fibrotic load of the liver.

The strengths of this current study are the prospective re-
cruitment and phenotyping of the patients. The quantitative
MRI parameters have previously been validated against “gold
standard” measures including liver biopsy [19, 20] and HVPG
[22]. More recently, specific MR liver biomarkers, including
liver Ty, liver perfusion and haemodynamic measures, were
associated with clinical outcomes in independent cohorts of
patients [28, 29]. Liver T, acquisition and analysis have been
shown to be highly repeatable [19], with an intra-subject CoV
<1.8% and a low inter- and intra-observer variability with
intra-class correlation coefficient > 0.99 [22]. Here, we dem-
onstrate the intra-subject variability in MR relaxation time is
low, with a CoV of 1.5, 4.3 and 3.7% for liver T, T, and T,*

Fig. 3 Example axial T, map, T,
map and T,* map showing the
liver pre- and post-DAA
treatment

Pre-treatment

T, map

Pre-treatment

T, map

Pre-treatment

T,* map
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Post-treatment

Post-treatment

Post-treatment

respectively, considerably lower than inter-subject variability.
Capturing data pre- and post-treatment enables direct intra-
individual comparisons, strengthening the validity of the data,
since each subject is their own control. We show that in re-
sponse to DAA therapy, the reduction in T, is more significant
compared to that of T, and T,*; this could be attributed to the
smaller CoV. However, there is also variability within the
literature in terms of a T, change, with pre-clinical models
of liver fibrosis shown to result in an increase as well as de-
crease in T, [32]. It is hypothesised that increased T, is related
to hepatic inflammation associated with the development of
fibrosis or the proliferation of small biliary ducts in models of
bile duct ligation [27].

The limitations of this study are the small sample size from
a single UK centre, with some variation in patient disease
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Fig.4 Bulk flow to the liver in the (b) portal vein and (a) hepatic artery as
well as (d) superior mesenteric and (c) splenic artery flow shows no
significant changes between pre- and post-DAA therapies. e An increase

severity. Due to practical constraints, we were unable to per-
form parallel invasive assessments of liver biopsy or HVPG.
The timing of the MRI scans in close proximity to drug ther-
apy enabled characterisation of changes at an early time point
in subjects who achieve SVR at a later time point.

The observation that only few specific MR parameters
changed in the study time period is relevant. Notwithstanding
the possibility of type 1 and type 2 errors, the lack of significant
changes in liver bulk blood flow potentially indicates the nat-
ural history of “regression”. Reversal of fibrotic and vascular
networks, which of course may be incomplete [33], is thought
to occur over years. To date, there is limited data showing
histological changes associated with DAA treatment in HIV
coinfection [34] and post-transplant populations [35], both
demonstrating a significant reduction in necroinflammation
with SVR. It is widely recognised that both TE and serum
markers of fibrosis are influenced by necroinflammation [20,
36-38]. Moreover, short-term studies have shown that TE dy-
namically changes during treatment with DAA therapy, and
long-term studies have shown that both TE and serum fibrosis
markers may overestimate regression in the long term [19, 33].

Pegylated interferon and ribavirin ameliorate portal hyper-
tension in patients with HCV monoinfection [16—-18] and
HIV/HCV coinfection [39]. Multiple studies similarly show
that DAA treatment results in statistically significant reduc-
tions in HVPG [19, 34, 40, 41] but interestingly may not alter
clinically significant portal hypertension [19].

We speculate our key findings of reduced liver T, T, and
T,* and increased liver perfusion are linked by a reduction in
the pro-inflammatory milieu within the liver, including inter-
stitial oedema, aligned with a reduction in serum ALT. We
hypothesise that DAA treatment reduces necroinflammation
which may improve liver function over a longer period of time
[30] and can be a treatment for portal hypertension provided

in liver perfusion of mean change 28.1+19.7 ml/100 g/min is observed
following DAA therapy

treatment in the early stage of portal hypertension [19], and we
believe this also underlies the reported change in TE [20]. A
reduction in necroinflammation on liver biopsy in the short
term, even when associated with a short duration of viral sup-
pression using interferon-based treatment, has a positive im-
pact on future clinical outcomes at 6 years and fibrosis regres-
sion [42]. Chronic inflammation might be expected to increase
perfusion but is unknown in the context of advanced liver
disease. A recent MRI study showed reduced perfusion is
associated with progressive liver disease and linked to adverse
outcomes [29], and CT has shown worsening perfusion with
progressive fibrosis in HCV [43]. This is consistent with our
finding of a significant increase in liver perfusion with the
likely acute resolution of chronic necroinflammation after
DAA treatment in advanced liver disease caused by HCV.

A multimodal technique including MRI that captures how
the different aspects of liver composition, perfusion and blood
flow change over time could provide additional confidence for
clinical decision-making. In addition, robust non-invasive
tests that are specific to the liver would be valuable to drug
development for antifibrotic compounds as they can be repeat-
ed at multiple time points to evaluate drug efficacy. MRI has
the potential to be a key non-invasive tool to evaluate the
efficacy of interventions in chronic liver disease and stratify
patients according to the potential clinical outcomes.

In summary, for the first time, our MRI study has shown
that treatment of HCV with DAAs in patients with cirrhosis
leads to an acute reduction in liver T, T, and T,* and increase
in liver perfusion measured. The ability of MRI to characterise
changes in the angio-architecture of patients with cirrhosis
after intervention at such short intervals will enhance our un-
derstanding of the progression/regression of chronic liver dis-
ease and potentially assist clinical decision-making. The sen-
sitivity of these MR measures should be exploited to
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accelerate early phase of clinical development of novel
antifibrotic agents.

In future work, our intention is to use quantitative MRI
measures to observe the long-term effects of DAA therapy on
liver composition, perfusion and surrounding haemodynamics
to characterise the extent of fibrosis regression, vascular remod-
elling and reduction in portal hypertension that may occur after
DAA therapy. Furthermore, we aim to assess whether MRI
changes correspond to, or are predictive of, histological regres-
sion of fibrosis, as described in long-term studies with interfer-
on and ribavirin [10, 44, 45].
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Abbreviations used

ADC Apparent diffusion coefficient

ASL Arterial spin labelling

B-NAG N-acetyl-beta-glucosaminidase

BSA Body surface area

cv Coefficient of variance

DWI Diffusion weighted imaging

ELISA Enzyme-linked immunosorbent assay

GDFT Goal-directed fluid therapy

IQR Interquartile range

KIM-1 Kidney injury molecule 1

MR Magnetic resonance

MRCP Magnetic resonance cholangiopancreatography
MRI Magnetic resonance imaging

NGAL Neutrophil gelatinase-associated lipocalin

PC MRI  Phase contrast magnetic resonance imaging
RABF Renal artery blood flow

RARE Rapid acquisition with relaxation enhancement
SEM Standard error of the mean

SID, Apparent strong ion difference

infusate, the blood volume expanding properties of colloids are
superior to crystalloids. Work performed in healthy participants
comparing the effects of 0.9% saline, 4% succinylated gelatin and 6%
hydroxyethyl starch on blood volume expansion showed that col-
loids were three times as effective as crystalloids for this purpose
[1]. Although the blood volume expanding efficacy of colloids is
approximately 70% in patients undergoing laparoscopic cholecys-
tectomy [2], in critically ill patients, volume for volume, colloids
may be only up to 1.3 times as effective as crystalloids [3].

Colloids distribute predominantly in the intravascular
compartment and this property may have important consequences
for visceral blood supply and, thus, function. Crystalloids tend to
distribute mainly in the interstitial fluid space, giving rise to tissue
edema, and when given in excess, may have adverse effects on
gastrointestinal function and wound healing [4—7]. Colloid boluses
have also been used intraoperatively to increase stroke volume
(goal directed fluid therapy — GDFT), and, thereby, improve tissue
perfusion and outcome [8]. A recent study has, however, demon-
strated that crystalloids may be as effective as colloids for GDFT [9].

In addition to oncotic properties, the electrolyte composition of
infusions may have important effects on visceral perfusion. Data
derived from both healthy participant and patient studies have
shown that infusions which contain a supraphysiological concen-
tration of chloride can cause significant hyperchloremic acidosis
[1,10—17], and reduce renal arterial blood flow and perfusion [10].

The use of balanced crystalloids such as Hartmann's solution,
Ringer's lactate, PlasmaLyte 148 (all Baxter Healthcare, Deerfield, IL,
USA) and Sterofundin® ISO (B. Braun, Melsungen, Germany), with a
sodium and chloride content closer to that of plasma, may achieve
better acid-base balance and renal function, less tissue edema,
nausea and vomiting, and possibly better survival [11]. Neverthe-
less, most of the older colloids are suspended in 0.9% saline and this
is accompanied by the risk of hyperchloremic acidosis and its
sequelae. It is only recently that colloids suspended in balanced
solutions have become available.

Our group has previously used magnetic resonance imaging
(MRI) to assess renal hemodynamics non-invasively during fluid
delivery [10,18]. Phase contrast MRI (PC-MRI) is used to quantify
renal artery blood flow (RABF), and Arterial Spin Labeling (ASL) is
used to non-invasively map renal perfusion spatially without the

need for contrast agents. We showed that when crystalloids were
studied, the hyperchloremic acidosis caused by the infusion of 2 L
0.9% saline was associated with a decrease in renal artery flow
velocity and renal cortical tissue perfusion when compared with
the infusion of a balanced crystalloid [10]. However, in another
study we demonstrated that while renal cortical tissue perfusion
increased after infusion of 1 L 6% hydroxyethyl starch suspended in
a balanced crystalloid, it did not change from baseline after the
infusion of 6% hydroxyethyl starch suspended in 0.9% saline, sug-
gesting that the effects of colloids are different from that of crys-
talloids [18].

Hence, in this non-inferiority study, we aimed to use a validated
healthy male participant model previously developed by us
[1,10—12,14,18] to compare the effects of colloid (4% gelatin) and
crystalloid regimens on RABF and renal cortex perfusion [10,18] as
well as renal volume and renal cortex diffusion [apparent diffusion
coefficient (ADC)] using diffusion weighted imaging (DWI). In
addition, we assessed cardiac index.

The primary objective was to determine the differential impact
of isoeffective [using different volumes of crystalloid (1.5 L) and
colloid (0.5 L) with a similar plasma volume expanding capacity [1]]
and isovolumetric infusions of crystalloid and colloid (1.5 L crys-
talloid vs. 1 L crystalloid + 0.5 L colloid) on blood volume expansion.
Secondary endpoints included changes in weight, hematological
and serum biochemical parameters, urinalysis, aortic blood flow
and cardiac output, as well as renal volume, RABF, and renal cortex
perfusion and diffusion.

2. Methods

This non-inferiority randomized, double-blind, crossover study
was performed at a university teaching hospital. Twelve healthy
males (aged 20—28 years, BMI 20—25 kg/m?) were recruited after
obtaining written informed consent. Those with abnormal blood
parameters on the day before each study, acute illness in the pre-
ceding 6 weeks, taking regular medication, a history of substance
abuse, hypersensitivity to gelatin solutions or to any of the other
infusion ingredients or having factors contraindicating MRI were
excluded. It was decided to withdraw participants developing
adverse events from the study. An adverse event was defined as any
unfavorable and unintended sign, symptom, syndrome or illness
that develops or worsens during the period of observation in the
study. The UK National Research Ethics Service Committee East
Midlands (Ref. 13/EM/0363) and the Medicines and Healthcare
Products Regulatory Agency granted approvals. The protocol was
registered with the European Union Drug Regulating Authorities
Clinical Trials Database (https://eudract.ema.europa.eu) (EudraCT
No. 2013-003260-32).

2.1. Baseline assessment

Participants reported 24 h prior to the study day to provide a
blood and urine sample, and were asked to collect a 24-h urine
sample for baseline creatinine clearance. Urine was analyzed for
osmolality, neutrophil gelatinase-associated lipocalin (NGAL), N-
acetyl-beta-glucosaminidase ($-NAG) and kidney injury molecule-
1 (KIM-1), blood was analyzed for blood chemistry parameters to
ensure that no concurrent electrolyte abnormalities were present.
Height and weight was also recorded. Participants were instructed
to abstain from alcohol, caffeine and nicotine for at least 24 h prior
to each arm of the study. On the study day, participants presented
to the MRI center at 8:00 am having fasted from the previous night.
After providing a baseline urine sample, the baseline weight was
recorded and a 16-G venous cannula inserted into each antecubital
fossa. Blood sampling was performed after lying supine for at least
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10 min for blood chemistry parameters including hemoglobin,
hematocrit, serum electrolytes, urea, creatinine, albumin, and
osmolality.

2.2. Infusions

All the study participants received the following infusions over
60 min on separate occasions at least 7 days apart and in a random
order (Table 1).

A) 1.5 L of Sterofundin ISO — 2175 mmol sodium and
190.5 mmol chloride (reference arm).

B) 0.5 L of 4% Gelaspan® — 75.5 mmol sodium and 51.5 mmol
chloride (isoeffective arm).

C) 0.5 L of 4% Gelaspan® and 1 L of Sterofundin ISO —
220.5 mmol sodium and 178.5 mmol chloride (isovolumetric
arm).

All infusions were manufactured by B. Braun, Melsungen,
Germany.

2.3. Measurements and end points

Blood was sampled at O (baseline), 30, 60, 90, 120, 180 and
240 min after commencing the infusion. Subjects voided their
bladder on arrival at the MRI center at 8:00 am. After commence-
ment of the infusions they were allowed to void urine at will and
had to void again at 240 min, with all of the urine voided being
collected. An aliquot of the urine pooled over the 4-h period was
analyzed for osmolality and concentrations of urea, creatinine, so-
dium, potassium, chloride, total proteins, microalbuminuria and
urinary NGAL, B-NAG and KIM-1. A further 24-h urine collection
was performed from 8:00 am on the study day until 24 h post
infusion on the following day. The urine collected over the 240 min
of the study was then pooled with urine collected from then until
the first voided sample on the next morning to constitute a 24-h
urine collection. Urine pooled over the 24-h period was analyzed
for the previously mentioned parameters. Weight was recorded at
baseline, 100, 120, 180 and 240 min.

2.4. Hematological and biochemical blood analyses

All analyses were performed according to standard methods
[1,10—12,14,18]. Assays for NGAL (Human Lipocalin-2/NGAL Quan-
tikine ELISA Kit, R&D Systems Inc., Minneapolis, USA), KIM-1 (Hu-
man TIM-1/KIM-1/HAVCR Quantikine ELISA Kit, R&D Systems Inc.,
Minneapolis, USA) and B-NAG (NAG test kit, PPR Diagnostics Ltd.,

Table 1
Composition of infusions.

4% Gelaspan® Sterofundin ISO®

Colloid molecular weight 26 500 Da

Sodium (mmol/L) 151 145
Chloride (mmol/L) 103 127
Potassium (mmol/L) 4 4
Calcium (mmol/L) 1 2.5
Magnesium (mmol/L) 1 1
Acetate (mmol/L) 24 24
Malate (mmol/L) 5
Strong ion difference (mmol/L) 52 22
Sodium supplied as Nacl, 5.55 g/L NaCl, 6.8 g/L
pH 7.4 5.1-5.9
Theoretical osmolarity, mOsm/L 284 309

Both infusions manufactured by B. Braun, Melsungen, Germany.

London, UK) were performed using ELISA in accordance with the
instructions provided by the manufacturers.

2.5. Derived values

Blood volume at time 0 was estimated according to the method
described by Nadler et al. [19] and changes in blood volume after
the infusions were calculated from changes in hematocrit, using
formulae we have described previously [1,2,10,18]. The apparent
strong ion difference (SID,) was calculated as described by Stewart
(SID; = [Na™]+[K"]-[CI"]) [20]. Change in interstitial fluid volume
was calculated by subtracting change in blood volume from change
in weight.

2.6. MRI protocol

Cardiac and renal MRI measurements were collected ona 3.0 T
Philips Achieva MR scanner (Philips Healthcare Systems, Best,
Netherlands). The MRI protocol consisted of a series of non-invasive
MR measurements to assess cardiac and renal function.

Cardiac MRI data were collected using phase contrast (PC)-MRI
to assess cardiac output. Data were then corrected for body surface
area (BSA) to compute cardiac index (CI). Renal MRI data were
collected using structural images to assess total renal volume, PC-
MRI was acquired to determine left RABF, Arterial Spin Labelling
(ASL) was used to determine renal cortex tissue perfusion incor-
porating an estimation of renal Ty in the quantification of perfusion
[21]. Diffusion Weighted Imaging (DWI) was used to determine
renal cortex apparent diffusion coefficient (ADC).

Each series of cardiac and renal images were collected in 10 min,
with the cardiac and renal scans being interleaved throughout the
infusion. In total there were three repeats of the cardiac and three
renal scans collected during the infusion, and a further repeat of
each post-infusion to assess the time-course of the response (Fig. 1).

Bladder volume was measured using MR cholangiopancreatog-
raphy (MRCP) with a Rapid Acquisition with Relaxation Enhance-
ment (RARE) sequence at baseline and <40 min after the end of the
infusion. Details of the MRI scanning protocols and analysis
methods are described in the Supplementary Methods.

2.7. Sample size

This was a pilot study and we assumed that the blood volume
expanding effects of the three fluid regimens would be equivalent
(non-inferiority). Based on our previous work [10,18], we deter-
mined that a sample size of 10 would be adequate to obtain
meaningful data for a pilot study. Assuming a drop-out rate of 15%,
we sought to recruit 12 participants.

2.8. Randomization, allocation concealment and blinding

A randomization sequence was created using http://www.
randomization.com by the Nottingham Clinical Trials Pharmacy.
Randomization was performed using sequentially numbered paired
sealed opaque envelopes. A nurse not involved in the study was
responsible for blinding the investigational products. The infusion
bags were covered with opaque bags and the data shown on the
screen of the automated infusion pump was masked from the in-
vestigators. The randomization code was broken after completion
of data analysis.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism (v
7.03) for Windows statistical software package (GraphPad Software
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Fig. 1. Diagram showing the protocol for MRI scan collection in each of the infusion sessions to assess cardiac and renal function. The protocol comprised scans to be collected at
baseline, repeated at 20-min intervals over the 60 min infusion, and repeated once post-infusion to assess the time-course of the renal and cardiac response. Note, acquired timings
may deviate slightly from this protocol timing due to blood sampling and infusion technicalities, timings provided in Figures in the Results section show the actual scan acquisition

time (mean time across participants).

Inc., La Jolla, CA). A Shapiro—Wilk test was used to test the
normality of the data. Normally distributed group data quantitative
variables were expressed as mean [standard error of mean (SEM)],
and skewed data as median and interquartile range. A two-way
ANOVA with Bonferroni correction was used for comparing two
groups with multiple time point comparisons. A one-way ANOVA
with Kruskal—Wallis test was used for single comparisons across all
three groups. Comparisons between two groups for non-
parametric data were analyzed using a Wilcoxon signed-rank
test. A student paired t-test was used for comparing two groups
where the distribution was normal. The differences were consid-
ered statistically significant at P < 0.05.

3. Results

Twelve participants, with a mean (SEM) age of 23.9 (0.8) years
were recruited to the study over a 13-month period. Two partici-
pants were withdrawn from the study due to adverse events. One
participant developed persistent tachycardia up to 115 beats per
minute during one of the infusions (0.5 L colloid), this settled
shortly after terminating the infusion with no further adverse ef-
fects. One participant was excluded from analysis due to excessive
sweating during two of the infusion sessions and was biochemi-
cally more dehydrated following infusion, he required no medical
attention. Analysis was performed on data obtained from the
remaining 10 participants. Baseline clinical and MRI parameters
prior to each infusion arm, and the coefficient of variation in MRI
measures are summarized in Table 2.

3.1. Changes in weight, hematocrit, hemoglobin, blood volume,
interstitial fluid volume and biochemical parameters

Changes in body weight, hematocrit, hemoglobin, calculated
blood volume and interstitial fluid volume, as well as serum
biochemistry are shown in Fig. 2. As expected, increase in body
weight and extracellular fluid volume were significantly less after

the colloid infusion (B) when compared with the crystalloid (A) and
crystalloid + colloid infusions (C). For most other parameters, there
was no statistically significant difference when the groups were
compared. Changes in urinary parameters are summarized in
Table 3.

3.2. Urinary NGAL, KIM-1, 3-NAG

Although some differences were noted in urinary NGAL, KIM-1
and B-NAG at the measured time points, all values remained in
the normal range (data not shown).

3.3. Changes in renal volume, renal artery blood flow, renal global
and cortical tissue perfusion, and renal cortex diffusion determined
by MRIs

The percentage change in renal MRI parameters, as measured
from baseline are shown in Fig. 3. All infusions increased renal
volume, this increase was statistically significant at 90 min when
compared with baseline for each infusion [A (P < 0.001), B
(P = 0.02), C (P = 0.004)]. However, there were no statistically
significant differences between the infusions. There was no sig-
nificant difference in RABF from baseline for any time point across
the infusions or any difference between infusions. However, when
left RABF was corrected for renal volume change yielding a measure
of global perfusion of the left kidney at each time point, a significant
decrease was observed between baseline and 95 min after the start
of the 0.5 L colloid infusion (P = 0.037). No significant change in
global perfusion of the left kidney was observed for the crystalloid
or combined crystalloid and colloid infusion. Renal cortex perfusion
across both kidneys, as determined by ASL, decreased from baseline
to 93 min after the crystalloid infusion [with a 23% decrease from
baseline (P = 0.005)] and the colloid infusion [with a 14% decrease
from baseline (P = 0.048)]. No significant difference was found in
renal cortex perfusion for the combined crystalloid and colloid
infusion, or between infusions. There was a significant increase in
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Table 2
Baseline clinical and MRI parameters prior to each infusion.

Before infusion A
(1.5 L crystalloid) n = 10

Before infusion B
(0.5 L colloid) n = 10

Coefficient of Variation of baseline
MR measures across treatment

Before infusion C
(1 L crystalloid + 0.5 L colloid)

n=10

Clinical Parameters

Weight (kg) 745 (1.8) 74.1 (1.6) 73.9 (1.6)

Height (m) 1.81 (0.02) 1.81 (0.02) 1.81(0.02)

Body mass index (kg/m?) 22.7 (0.5) 22.6 (0.5) 22.5(0.4)

Hemoglobin (g/L) 150.1 (2.4) 147.8 (2.9) 147.2 (3.0)

Hematocrit (L/L) 0.439 (0.006) 0.432 (0.007) 0.431 (0.007)

Serum chloride (mmol/L) 102.9 (0.4) 103.6 (0.6) 103.8 (0.8)

Serum apparent strong ion 41.2 (0.8) 39.9 (0.6) 40.5 (0.5)
difference (mmol/L)

Serum bicarbonate (mmol/L) 28.2 (0.7) 27.5(0.5) 27.3(0.6)

Serum albumin (g/L) 424 (0.8) 41.7 (1.0) 42.8 (0.5)

Serum osmolality (mOsm/kg) 291 (0.8) 291 (1.0) 291 (0.9)

Serum creatinine (umol/L) 78.6 (2.7) 77.6 (2.6) 764 (3.2)

Creatinine clearance (ml/min) 139.6 (13.0) 131.8 (18.6) 127.3 (8.2)

Calculated blood volume (L) 5.2 (0.1) 5.2(0.1) 5.2(0.1)

MRI Parameters

Aortic flux (ml/s) 91 (4) 91 (4) 93 (4) 8.2 (2.8)

Cardiac index from aortic 2.82(0.1) 2.83(0.1) 2.89(0.1) 8.2 (3.6)
flow (L/min/m?)

Cardiac index from short 1.55(0.1) 1.55(0.1) 1.52 (0.1) 16 (9)
axis cine (L/min/m?)

Renal artery blood flow 6.3 (0.6) 8.0 (0.6) 7.0 (0.4) 12 (5)
velocity (cm/s)

Renal cortical tissue 215 (14) 235 (17) 235 (9) 9.1 (44)
perfusion (ml/100 g/min)

Left global renal perfusion 215 (20) 262 (14) 231 (13) 12 (5)
(ml/100 g/min)

Total kidney volume (ml) 351 (25) 365 (23) 359 (24) 4.2 (2.8)

Cortex T; (ms) 1026 (9) 1021 (9) 1020 (11) 23 (1.1)

Medulla T; (ms) 1340 (12) 1327 (13) 1335 (21) 29 (2.4)

Bladder volume (ml) 37(9) 51(23) 51 (12) 40 (32)

All values mean (SEM). There were no statistically significant differences (p > 0.05) between the groups when baseline parameters were compared.

renal cortex ADC from baseline to 95 min after the crystalloid
infusion [4.2% increase from baseline (P = 0.033)], and a trend for
an increase in the combined crystalloid and colloid infusion
(P = 0.09), whilst no significant change was observed in the colloid
infusion.

3.4. Changes in heart rate, stroke volume, aortic flow and cardiac
index

Changes in cardiac MRI measures are shown in Fig. 4. All in-
fusions led to a significant increase at 83 min after baseline in aortic
flow [crystalloid (P = 0.035), colloid (P < 0.005), combined crys-
talloid and colloid (P = 0.039)], and a significant increase in cardiac
index [crystalloid (P = 0.036), colloid (P < 0.001), combined crys-
talloid and colloid (P = 0.04)]. Aortic stroke volume significantly
increased for the colloid infusion (P = 0.045) with a trend for in-
crease in the combined crystalloid and colloid infusion (P = 0.062),
no significance was observed in the crystalloid infusion. Heart rate
significantly increased at 83 min for the crystalloid infusion
(P = 0.007) and the colloid infusion (P = 0.004), no significant
difference was observed for the combined crystalloid and colloid
infusion.

4. Discussion
4.1. Main findings

This study has confirmed our previous work, showing that the
blood volume expanding potential of 0.5 L of colloid (gelatin) is
similar to that of 1.5 L of crystalloid in healthy participants [1]. In
addition, it has shown that the blood volume expansion produced

by a combination of 1 L of crystalloid with 0.5 L of colloid was not
statistically different from that produced by separate infusions of
either 1.5 L of crystalloid or 0.5 L of colloid. Significant changes in
response to the infusions were seen at final measurement
compared to baseline with an increase in renal volume, a decrease
in global renal perfusion as measured by PC-MRI corrected for renal
volume and renal cortex perfusion as assessed by ASL. Perfusion
measured using ASL was deemed to be the more robust method of
renal hemodynamics, providing a smaller CV than estimating
global perfusion by correcting renal artery blood flow by kidney
volume. This finding has also been shown in a previous study [21].
The significant increase in renal cortex ADC following the crystal-
loid infusion could be explained by the increase in the amount of
water in the interstitial space of the kidney with crystalloids, which
could be a result of decreased glomerular filtration and is consistent
with the change in renal volume for the crystalloid infusion [22].

The changes in renal hemodynamics were, however, of a smaller
magnitude when compared with our previous work where we
induced mean serum chloride concentrations in excess of
108 mmol/L [10]. In addition, markers of acute kidney injury
remained in the normal range. All three infusions produced >10%
time-related increase in heart rate, stroke volume and cardiac in-
dex, but there was no statistically significant difference between
the effects of the three infusions.

4.2. Results in context of published literature

The results of this study have also further validated the repro-
ducibility of the model we have developed to study responses of
healthy participants to intravenous fluid infusions [1,10—12,14,18].
As shown previously [1,10—12,14,18], all the infusion regimens used
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Fig. 2. Changes in body weight, hematocrit, hemoglobin, calculated blood volume and interstitial fluid volume, as well as serum biochemistry. Note weight was recorded at baseline

and post MRI scanning.

in the present study produced a dilutional effect on hematocrit,
hemoglobin and serum albumin concentration that was reversed as
the fluid was excreted in the urine. The crystalloid (1.5 L) and
crystalloid + colloid (1 L + 0.5 L respectively) infusions expanded
the calculated interstitial fluid space to the same extent, indicating
the propensity to produce edema. In contrast, the colloid infusion
produced a contraction of the interstitial space, suggesting that the

increased colloid oncotic pressure helps draw fluid from the
interstitial into the intravascular space. Urine output during the
study period was very similar after the infusion of 1.5 L of crystal-
loid and 0.5 L of colloid, but was slightly greater after the combined
crystalloid and colloid infusion.

Compared with infusions of 0.9% saline [1,10,14], all infusions
used in this study produced only a small elevation in serum
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Table 3
Urinary responses.
Infusion A Infusion B Infusion C p (A vs.B) p(Avs.C) p (Bvs.C)
(1.5 L crystalloid) (0.5 L colloid) (1.0 L crystalloid + 0.5 L colloid)

Time to first micturition after start of 106 (4) 106 (5) 123 (14) 0.89 0.27 0.17
infusion (min)

Postinfusion urinary volume at 240 min 621 (99) 517 (68) 826 (97) 0.20 0.13 <0.05
(ml)

Preinfusion urinary osmolality (mOsm/ 689 (48) 634 (76) 712 (56) 0.21 0.79 0.28
kg)

Postinfusion urinary osmolality at 466 (56) 473 (60) 378 (30) 0.88 0.26 0.19
240 min volume (mOsm/kg)

Total postinfusion urinary sodium over 242 (21) 157 (27) 186 (28) 0.02 0.06 0.19
24 h (mmol)

Total postinfusion urinary sodium at 69 (12) 49 (7) 72 (10) 0.12 0.87 <0.05
240 min (mmol)

Urine sodium at 240 min as percentage 32 (6) 64 (10) 33(5) <0.05 0.92 <0.05
of sodium infused

Total postinfusion urinary potassium 86 (9) 69 (12) 63 (9) 0.09 0.07 0.89
over 24 h (mmol)

Total postinfusion urinary chloride at 78 (13) 63 (12) 75(11) 0.34 0.87 0.07
240 min (mmol)

Urine chloride at 240 min as percentage 41 (7) 122 (24) 42 (6) <0.05 0.86 <0.05

of chloride infused

n = 10, all values mean (SEM). Student paired t test. p values in bold indicate statistically significant differences.

chloride concentration and a 2 mmol/L fall in the strong ion dif-
ference, reflecting the reduced chloride concentration of the in-
fusions when compared with 0.9% saline. The changes in serum
bicarbonate and potassium concentrations and serum osmolality
were also relatively small and for all these measures there were no
statistically significant differences between the three infusions. In
our previous study [10], we showed that the elevation of serum
chloride concentration to >108 mmol/L after the infusion of 2 L 0.9%
saline led to a significant fall in both renal artery flow velocity and
renal cortical tissue perfusion. However, in the present study, the
chloride content of all the infusions was less than that of 0.9% saline
and the maximum that the serum chloride concentration reached
was around 106 mmol/L (Fig. 2). In addition, there was no signifi-
cant difference in the fall in strong ion difference between the three
infusions. This strengthens the hypothesis that it is the hyper-
chloremic (>108 mmol/L) acidosis produced by large chloride loads
that has an adverse effect on renal hemodynamics [10,11,23,24]. A
hypothesis for the mechanisms of hyperchloremia on reducing
renal blood flow and glomerular filtration rate, and ultimately
decreasing urinary output and sodium excretion has been proposed
[11]. This involves chloride from the high chloride concentration
filtrate in the distal tubule of the nephron crossing the basement
membrane and causing depolarization of the macula densa and
release of adenosine, which acts on the A receptors of the renal
vasculature causing vasoconstriction. This phenomenon probably
does not occur at a chloride concentration of around 106 mmol/L,
and may, thereby, explain the results of our study. Although there
was an increase in renal volume by about 5% after all three in-
fusions, indicating some renal edema, there was probably not a
high enough increase in intraorgan tissue pressure to disrupt RABF
significantly. Interestingly, we have also demonstrated that the
infusion of colloid in the form of 4% succinylated gelatin had no
adverse effect on renal hemodynamics or markers of kidney injury
such as NGAL, B-NAG and KIM-1.

There was a steady increase in heart rate and cardiac index after
the three infusions. There was a >10% increase in these parameters
when the values at the end of the infusions were compared with
baseline. This suggests that even in relatively “euvolemic” healthy
participants, infusions of colloids and crystalloids increase stroke
volume and cardiac index. To some extent, this response in healthy
euvolemic participants may explain why, in some studies using

“flow directed fluid therapy”, patients received excessive amounts
of fluids intraoperatively [9]. Moreover, as the differences seen after
crystalloids and colloids were similar, it is possible that crystalloids
may have the same effect as colloids when used for “flow-directed
fluid therapy” [9]. However, crystalloids are more likely to cause
interstitial edema than colloids.

We have demonstrated that infusions containing higher
amounts of sodium and chloride lead to a disproportionately higher
retention of sodium (Table 3). This effect is believed to be due to an
increase in serum chloride concentrations [10,11].

Renal perfusion decreased across all arms of the study. These
changes are believed to be a reflection of the action of hyper-
chloremia leading to a decrease in RABF and an increase in renal
volume. This, however, merits some clarification in light of previous
work [10,18]. The hyperchloremic acidosis caused by the infusion of
2 L 0.9% saline was associated with a decrease in renal artery flow
velocity and renal cortical tissue perfusion when compared with
the infusion of a balanced crystalloid [10]. Using 1 L infusions of
colloids, we have previously demonstrated that while renal cortical
tissue perfusion increased after infusion of 6% hydroxyethyl starch
suspended in a balanced crystalloid, it did not change from baseline
after the infusion of 6% hydroxyethyl starch suspended in 0.9% sa-
line, suggesting that the effects of colloids are different from that of
crystalloids [18]. More importantly, in the previous studies [10,18],
the peak serum chloride concentrations were higher (>108 mmol/
L) after 0.9% saline and hydroxyethyl starch suspended in 0.9% sa-
line than after any of the infusions studied in the present study.

4.3. Strengths of the study

This experiment has used a well validated model and state of the
art MRI techniques that have been shown to have low coefficients
of variance (<10%) [21] (Table 2) to study the effects of intravenous
fluid infusions on serum and urinary biochemistry and renal and
cardiac hemodynamics in healthy human participants. The age and
body weight of the participants were within a narrow range,
ensuring homogeneity. The fact that the baseline parameters were
very similar prior to each infusion (Table 2), indicates that the
participants were studied under similar conditions. Coefficients of
Variation on MR parameters over 3 weeks assessed were lower
than 10% for most MR measures including aortic flow; total kidney
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Fig. 3. Percentage change in renal MRI parameters (renal volume, renal artery flow, left renal global perfusion, average cortex perfusion and apparent diffusion coefficient) during

each infusion.

volume; renal cortex perfusion estimated with ASL; and apparent
diffusion coefficient estimated with DWI.

4.4. Limitations of the study

This study has a few limitations. Healthy participants who were
not hypovolemic were studied, and although the study yields
valuable data in this group, the results may be different in patients
who are hypovolemic or critically ill. Although state of the art MRI
techniques were used, the nature of the protocol resulted in cardiac

and renal measurements being made at different time points.
Although there was little variability in the blood and urinary
measurements, there was some variability in the MRI results. We
would advise that future studies are conducted to also gather MR
data at later time points post-infusion in order to observe measures
as they return to a baseline state. In order to gather the five data
points across the infusion, the participants in this cohort were su-
pine and on the scanner bed for approaching 3 h, we would advise
that future studies collect a similar amount of time points spread
over a longer period of time in order to allow for bladder voiding,
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this would also allow the study of larger infusions similar to the
amounts patients actually receive perioperatively.

5. Conclusion

MRI provides quantitative measures that are sensitive enough to
observe dynamic changes in cardiac function as well as renal
structure and function in response to intravenous infusions. A
smaller volume of colloid (0.5 L) was as effective as a larger volume
of crystalloid (1.5 L) at expanding the blood volume and increasing
cardiac output. Significantly less expansion of the interstitial space
was associated with an isoeffective volume of colloid. A significant
increase in renal volume was associated with all infusions, renal
cortex ADC increased significantly only for the crystalloid infusion
which showed the most significant renal volume increase. A
decrease in global renal cortex perfusion renal cortex perfusion as
assessed by ASL was shown for both crystalloid and colloids, with
the former driven solely by renal volume change and the later likely
by both a reduction in RABF and increase in renal volume. Non-
inferiority of the treatment with colloid (4% succinylated gelatin)
was also confirmed. The results also indicate that a serum chloride
concentration >108 mmol/L may be necessary to demonstrate
adverse effects of hyperchloremia.
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Supplementary methods

A series of scout images were initially acquired in three orthogonal planes to locate the
kidneys, heart and vessels of interest to aid subsequent slice positioning. Baseline cardiac
and renal MRI data were then collected comprising structural images to assess kidney
volume, phase contrast (PC)-MRI to determine cardiac output and renal artery bulk flow,
Arterial Spin Labelling (ASL) data to determine renal cortex tissue perfusion, and Diffusion
Weighted Imaging (DWI) to determine the renal cortex apparent diffusion coefficient (ADC).
These scans were repeated at 20 minute intervals over the course of the 60 min infusion
and at 20 minutes post-infusion to assess the time-course of the response. Bladder volume
was measured using MR cholangiopancreatography (MRCP) before and approximately 20

minutes after infusion end.

Cardiac output

PC-MRI was collected using an imaging plane placed perpendicular to the ascending aorta.
Acquisition parameters comprised a single slice TFE sequence with 30 phases collected
across the cardiac cycle with TE/TR 2.4/3.8ms, FA 15°, number of excitations 3,
reconstructed resolution 1.05 x 1.05 x 10 mm?3, velocity encoding 200 cm/s. The TFE factor
depended on the subjects’ heart rate, data was acquired free breathing in approximately 1
minute. Analysis was performed using ViewForum software (Philips Medical Systems, Best,
Netherlands). Arterial flow velocity (cm/s), area (mm?) and, hence flow (ml/s) were
calculated over the cardiac cycle. Cardiac output (L/min) was computed by multiplying
stroke volume (i.e. the area under the flow curve within one cardiac cycle) and heart rate.

Data were then body surface area (BSA) corrected to compute cardiac index (Cl).



Renal volume

Coronal multi-slice balanced-Turbo-Field-Echo (bTFE) images were used to estimate renal
volume, these comprised 30 slices of 1.75 x 1.75 x 7 mm?3, with data collected in single
breath hold. Analyze9® software (Mayo Clinic) was used to draw a region of interest (ROI) to
determine left and right kidney volume within each bTFE image slice. Total renal volume
was then calculated from the sum of the volume measures computed across all the slices

across both kidneys.

Renal artery blood flow (RABF) and global perfusion

PC-MRI was performed using a single slice TFE technique with the imaging plane placed
perpendicular to the left renal artery. Imaging parameters were: echo time (TE)/repetition
time (TR) 3.4/7.5 ms, FA 25°, number of excitations 2, reconstructed resolution 1.17 x 1.17 x
6 mm3, velocity encoding 100 cm/s, with 20 phases collected across the cardiac cycle. Each
renal artery measurement was acquired during a single 15-20 s breath hold. Analysis was
performed using ViewForum software to compute mean arterial flow velocity (cm/s), mean
area (mm?) and thus mean flux (ml/s) over the cardiac cycle for the left renal artery. Global
perfusion of the left kidney was then calculated by correcting left renal artery blood flow by

left kidney volume.

Renal cortex perfusion

Respiratory-triggered Arterial Spin Labelling (ASL) data (288 x 300 mm? field of view (FOV), 3
x 3 x 8 mm?3 voxel size) were collected using a balanced fast field echo (bFFE) readout
scheme [TE/TR 2.1/4.1 ms, SENSE 2, flip angle (FA) 60°, low-high acquisition, and half-
Fourier acquisition] with 25 ASL pairs collected in approximately 5 minutes. A base Mg

equilibrium scan and T; longitudinal relaxation time map (collecting 13 inversion times of



200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300 and 1500 ms using a
modified respiratory triggering scheme in a total scan time of less than 3 minutes [1] were
acquired for quantification of renal tissue perfusion [2]. Individual perfusion weighted
difference images (control-label pairs) were computed, inspected for motion (exclude >1
voxel movement) and realigned, and averaged to create a single perfusion-weighted (PWI1)
map. Mean renal cortical perfusion was calculated across both kidneys from the PWI maps,
T1 maps and Mg scans in a kinetic model to calculate tissue perfusion (f) maps (in mI/100 g

tissue/min) [1].

Renal cortex diffusion

To obtain specific information on water diffusion in the kidney, diffusion weighted images
were acquired with a spin-echo—echo planar imaging (SE-EPI) sequence. Imaging acquisition
parameters were a 288 x 288 mm? FOV, 3 x 3 x 8 mm?3 voxel size, and TE of 56 ms. Eleven
diffusion weighting factors (b-values) were acquired of 0, 5, 20, 60, 120, 190, 270, 370, 470,
580, 700 s/mm? to allow estimation of the apparent diffusion coefficient (ADC) and pure
tissue molecular diffusion coefficient (D). To compute ADC maps, data was fit to the log of

the exponential signal [1].

Bladder volume assessment

Bladder volume was measured using a single shot, fast spin echo sequence (similar to that
used for MR cholangiopancreatography- MRCP, effective TE 283 ms) with 30 axial
contiguous slices (reconstructed resolution 2 x 2 x 7 mm?3) acquired free breathing. Volumes
were assessed by manually tracing ROIs around the bladder on each slice using Analyze9®

software (Mayo Clinic) and summing across the slices.
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Background & Aims: Hepatic venous pressure gradient (HVPG)
measurement is currently the only validated technique to accu-
rately evaluate changes in portal pressure. In this study, we eval-
uate the use of non-contrast quantitative magnetic resonance
imaging (MRI) as a surrogate measure of portal pressure.
Methods: Thirty patients undergoing HVPG measurement were
prospectively recruited. MR parameters of longitudinal relaxation
time (T;), perfusion of the liver and spleen (by arterial spin label-
ling), and blood flow in the portal, splanchnic and collateral circu-
lation (by phase contrast MRI) were assessed. We estimated the
liver stiffness measurement (LSM) and enhanced liver fibrosis
(ELF) score. The correlation of all non-invasive parameters with
HVPG was evaluated.

Results: The mean (range) HVPG of the patients was 9.8 (1-22)
mmHg, and 14 patients (48%) had clinically significant portal
hypertension (CSPH, HVPG > 10 mmHg). Liver T; relaxation time,
splenic artery and superior mesenteric artery velocity correlated
significantly with HVPG. Using multiple linear regression, liver T;
and splenic artery velocity remained as the two parameters in the
multivariate model significantly associated with HVPG (R = 0.90,
p <0.001). This correlation was maintained in patients with CSPH
(R=0.85, p<0.001). A validation cohort (n = 10) showed this lin-
ear model provided a good prediction of HVPG. LSM and ELF score
correlated significantly with HVPG in the whole population but
the correlation was absent in CSPH.

Conclusions: MR parameters related to both hepatic architecture
and splanchnic haemodynamics correlate significantly with
HVPG. This proposed model, confirmed in a validation cohort,
could replace the invasive HVPG measurement.

Keywords: Portal hypertension; Hepatic venous pressure gradient; Magnetic
resonance imaging; Longitudinal T, relaxation time.
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Lay summary: In patients with cirrhosis, the development and
progression of portal hypertension is related to worse outcomes.
However, the standard technique of assessing portal pressure is
invasive and not widely used in clinical practice. Here, we have
studied the use of non-invasive MRI in evaluating portal pressure.
The MRI measures of liver architecture and blood flow in the
splenic artery correlated well with portal pressure. Therefore, this
non-invasive method can potentially be used to assess portal
pressure in clinical trials and monitoring treatment in practice.

© 2016 European Association for the Study of the Liver. Published
by Elsevier B.V. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The majority of complications in patients with cirrhosis result
from the development and progression of portal hypertension
characterised by increased intrahepatic resistance and progres-
sive splanchnic vasodilation. Distortion of hepatic architecture
resulting from fibrogenesis and nodule formation results in ‘static’
hepatic vascular resistance, whilst a ‘dynamic’ component results
from the active contraction of myofibroblasts and increased hep-
atic vascular tone [1]. The rise of portal pressure is perpetuated by
the excessive release of endogenous vasodilators resulting in
splanchnic vasodilation and increased portal blood flow.

Hepatic venous pressure gradient (HVPG) measurement [2] is
the only validated technique to accurately evaluate changes in
portal pressure. An HVPG threshold of 10 mmHg is termed clini-
cally significant portal hypertension (CSPH) as it predicts the risk
of formation of oesophageal varices [3], clinical decompensation
[4] and development of hepatocellular carcinoma [5]. An HVPG
>12 mmHg is associated with the risk of variceal bleeding [6] and
an HVPG >16 mmHg correlates with increased mortality [7,8],
whilst in acute variceal bleeding an HVPG >20 mmHg is an inde-
pendent prognostic marker [9]. However, HVPG measurements are
invasive and available only in specialised hepatology units, pre-
cluding its use in routine clinical practice. Thus, the development
of non-invasive markers of portal pressure is highly desirable.

Journal of Hepatology 2016 vol. 65 | 1131-1139
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Liver stiffness measurement (LSM) as assessed with transient
elastography (TE) has been suggested as an alternative measure-
ment to HVPG. LSM is thought to reflect hepatic fibrosis and the
resulting intrahepatic resistance. A significant correlation of LSM
with HVPG has been demonstrated at an HVPG <10 mmHg, but
no statistical significance at an HVPG >12 mmHg [10]. This has
led to the suggestion that LSM can identify clinically significant
or severe portal hypertension, but is not a good marker of its sub-
sequent progression. This is likely due to extrahepatic factors,
such as splanchnic vasodilation and a hyperdynamic circulation,
that perpetuate the rise in portal pressure but do not affect the
liver tissue stiffness [11]. TE has also been used to measure
spleen stiffness which is able to identify the presence of varices
and a linear model of spleen and liver stiffness predicting HVPG
with a high accuracy [12]. However, there are significant techni-
cal challenges related to spleen size and an upper detection limit
for tissue stiffness that limit the applicability of this technique.
Magnetic resonance elastography (MRE) has the theoretical
advantage over TE of assessing liver and splenic stiffness across
a larger tissue area. In 36 patients with cirrhosis, MRE-
measured loss modulus of the liver and spleen correlated well
with HVPG (R=0.44, p=0.02, and R=0.57, p=0.002, respec-
tively) [13]. However, the accessibility of this technique due to
hardware availability and cost, and the feasibility of MRE in some
patients, can limit its clinical translation.

The ratio of liver to spleen volume as measured by computed
tomography has also been shown to predict HVPG, however this
measure has the disadvantage of requiring ionising radiation
[14]. Using Doppler ultrasound, changes in hepatic and splanch-
nic flow in portal hypertension have been studied, but results
have been inconsistent [15], limiting wider use of this technique
[16]. To date, all of these imaging modalities have investigated
individual  pathophysiological =~ components of  portal
hypertension.

Recent advances in magnetic resonance imaging (MRI) have
made it possible to measure multiple parameters associated with
structural [17], blood flow [18] and perfusion [19] changes in the
liver in a single scan session. Further, since MRI is non-invasive,
repeated assessments are feasible and acceptable. The aim of this
current study is to develop quantitative MRI as a surrogate of
portal pressure. The MRI parameters of interest relate to the size,
architecture and perfusion of the liver and spleen, and changes in
portal and splanchnic blood flow. Specifically, we aim to study
the correlation of these MRI variables with HVPG.

Materials and methods
Study population

Consecutive patients undergoing HVPG measurement for clinical indications at
Nottingham University Hospitals NHS Trust and Derby Teaching Hospitals NHS
Foundation Trust between April 2013 and June 2016 were prospectively screened
and included in the study, providing a broad range of HVPG values. We excluded
patients with hepatocellular carcinoma, portal or hepatic vein thrombosis, abso-
lute contraindications for MR, abdominal/waist circumference larger than 112 cm
(due to MR scanner bore constraints), age <18 years and pregnancy.

Thirty-four patients were enrolled for the derivation cohort. Four patients
were excluded from the final analysis; three patients did not complete the MR
scanning protocol due to claustrophobia, one patient had liver histology compat-
ible with non-cirrhotic portal hypertension. MRI and LSM with TE were per-
formed on the same day and within 6 weeks of the HVPG measurement.

Patients received no therapeutic interventions between the HVPG measurement
and MRI session.

The study protocol was approved by Staffordshire Research Ethics Committee
(Ref 12/WM/0288). Patients gave written informed consent in accordance with
the principles of the Declaration of Helsinki (revision of Edinburgh 2000).

HVPG measurement

HVPG measurements were carried out by interventional radiologists. HVPG was
measured according to established standards [2] following an overnight fast.
Under ultrasonographic guidance, the right internal jugular vein was cannulated
and a 9-French vascular sheath placed by the modified Seldinger technique. A 6-
French compliant balloon-tipped catheter (Berenstein occlusion catheter, Boston
Scientific, UK) was guided into the right hepatic vein for the measurement of
wedged and free hepatic venous pressures as recommended [8]. All measure-
ments were obtained in triplicate and recorded via a pre-calibrated Philips Intel-
liVue MP50 patient monitor (Philips Healthcare, UK). HVPG was calculated from
the difference between wedged hepatic pressure and free hepatic pressure, and
the mean of triplicate measurements computed.

Liver stiffness measurement (LSM)

LSM was performed prior to the MRI scan, following an overnight fast, using
FibroScan® (Echosens, Paris, France) by experienced operators [20]. Due to tech-
nical reasons, LSM values were not available on 2 patients, and measurements on
6 patients were unreliable (median LSM >7.1 kPa and interquartile range/median
ratio >0.30).

Enhanced liver fibrosis (ELF) score

Blood samples were obtained prior to the MRI scan session. Serum samples were
analysed for levels of tissue inhibitor of matrix metalloproteinase-1 (TIMP1), hya-
luronic acid (HA) and aminoterminal peptide of procollagen III (P3NP) at an inde-
pendent reference laboratory (iQur Limited, London, UK). The ELF score was
calculated using an established algorithm [21].

MR data acquisition

All patients were scanned following an overnight fast on a 1.5 Tesla scanner
(Achieva, Philips Medical Systems) with body transmit coil and 16-channel SENSE
torso receive coil. All MR measures were acquired in a 1 h scan session.

Liver and spleen volume

Multi-slice balance turbo field echo (bTFE) localiser images were initially
acquired in three orthogonal directions to locate the anatomy of organs and blood
vessels of interest, and to estimate liver and spleen volume.

Longitudinal relaxation time (T;) of liver and spleen

A modified respiratory triggered inversion recovery sequence with spin-echo
echo planar imaging (SE-EPI) readout (3 x 3 x 8 mm? voxel size, 4 mm slice
gap (33%), 96 x 96 image matrix, SENSE factor 2, echo time 27 ms) and fat sup-
pression [17] was acquired to estimate the tissue longitudinal relaxation time
(Ty) in the liver from 13 inversion times (100-1200 ms in 100 ms steps and
1500 ms). Three sagittal SE-EPI slices were acquired through the right lobe of
the liver with minimal temporal slice spacing (65 ms) in approximately 2 min,
dependent on the patients’ respiratory rate.

In addition, T, maps of the liver and spleen were acquired using a modified
respiratory triggered inversion recovery sequence with a balanced steady state
free precession (bSSFP, also termed bFFE (balanced fast field echo)) readout
(echo/repetition time = 1.75/3.5 ms, flip angle (FA) 60°, linear k-space acquisition,
SENSE 2, resolution 3 x 3 x 8 mm?). These maps were primarily collected to yield
voxel wise T; values for the quantification of perfusion measures (see tissue per-
fusion section), but also provided an alternative T; measure from a bSSFP readout
scheme as used by others for liver T; mapping [22]. This readout scheme results
in an apparent recovery time (T;*), shorter than the actual longitudinal recovery
time T; due to the influence of T,/T,* [23]. For coverage of the liver and spleen, 5
coronal-oblique bFFE slices were collected at 9 inversion times (100-900 ms in
100 ms steps) with minimal temporal slice spacing (144 ms) in both ascend
and descend slice acquisition order, thus increasing the dynamic range of inver-
sion time values to (100-1500 ms), with data collected in 3 min.
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Splanchnic and portal flow measurements

Phase contrast (PC)-MRI was used to quantify the velocity and cross-sectional
area of the portal vein and hepatic artery (hepatic inflow), and the right, middle,
left hepatic veins (hepatic outflow), as well as the splenic artery (SA) and superior
mesenteric artery (SMA) (flow in splanchnic circulation) and azygous vein (collat-
eral flow). Blood flow in each vessel was measured using a vectorcardiogram
(VCG) gated 2D PC-MR on a single slice perpendicular to each targeted vessel
of interest (echo/repetition time=4.2/7.5ms, FA 25°, field of view
280 x 146 mm?, reconstructed resolution 1.5 x 1.5 x 6 mm>, SENSE 3, 2 aver-
ages). 15 phases were collected for vein measurements and 20 phases for the
arteries across the cardiac cycle, with defined velocity encoding (Venc) for each
vessel (portal/hepatic/azygous veins Vgnc =50 cms™!, hepatic/splenic arteries
Vene =100 cms™!, and SMA Viene =140 cms™!). If aliasing occurred, the Vene
was increased and the measure repeated. A flow measurement in each vessel
was obtained in triplicate and the mean calculated. Each measurement was
acquired during a 15-20 s breath-hold, dependent on the subjects’ heart rate.

Tissue perfusion

A multiphase flow alternating inversion recovery arterial spin labelling (ASL)
sequence [24] using a bFFE readout (echo/repetition time = 1.75/3.5 ms, FA 45°,
linear k-space acquisition, SENSE 2, resolution 3 x 3 x 8 mm?) was used to quan-
tify tissue perfusion in the liver and spleen. Data were collected with patients
breathing freely by introducing a respiratory trigger delay of 200 ms prior to
ASL labelling. Labelling was followed by a multiphase Look-Locker sampling
scheme with an initial delay of 100 ms and subsequent readout spacing of
371 ms with 6 readout phases collected. Liver ASL data was acquired for a sagittal
slice through the right lobe of the liver (50 ASL label/control pairs), whilst spleen
data was acquired for a coronal-oblique slice through the spleen (30 ASL label/
control pairs). In addition, equilibrium base magnetisation (M) images were
acquired for each slice orientation as well as a T; map (see Longitudinal relax-
ation time (T;) of liver and spleen section) to allow quantification of perfusion.

MR data analysis
The investigators analysing the MR data were blind to the HVPG measurements.

Liver and spleen volume

Analyze® software (Mayo Clinic) was used to draw a region of interest around the
liver and spleen within each bTFE image slice. Total liver and spleen organ vol-
ume was calculated from the sum of the volume measures across all slices.

Longitudinal relaxation time (T;) of liver and spleen

Inversion recovery data were fit to S(t)=Mp*abs (1-2exp(—t/T;)) to
generate T; and My maps for the SE-EPI data, and estimate apparent T; relaxation
time (T;*) for the bFFE data. Binary organ masks were formed from the M image
by manual segmentation. Histogram analysis was used to assess the distribution
of relaxation time values within the liver and spleen. For the liver and spleen in
each subject, and for each readout, a histogram of voxel values was fit to a Gaus-
sian function and the peak (distribution mode) used to represent the T; or T;* tis-
sue relaxation time. This method provides an automated method to eliminate
voxels containing blood in vessels [17]. In addition, the full-width-half-
maximum (FWHM) of the Gaussian function was calculated to reflect the degree
of heterogeneity of relaxation time values. All subjects were confirmed to have
liver tissue T,* >22.6 ms [17].

Splanchnic and portal flow measurements

PC-MR data were analysed using Qflow software (Philips Medical System). For
each vessel, a region of interest was drawn manually around the vessel lumen
on each phase contrast image, with contour detection used. The mean signal
intensity within each region of interest reflects flow velocity in the vessel of inter-
est (cm/s) for each cardiac phase, and the mean velocity across the cardiac cycle
was computed. The cross-sectional area of each vessel lumen was multiplied by
the mean velocity, to compute mean blood flow (ml/s) in each vessel. From trip-
licate measures, the mean and coefficient of variation (CoV) in all flow measures
was estimated.

Liver tissue perfusion

Individual perfusion-weighted difference images (control-label) were calculated
for each of the 6 ASL readout phases. These were inspected for motion (excluding
control/label pairs with movement of >1 voxel) and averaged to create a single
perfusion-weighted (AM) map for each phase. Mean values of AM, the base
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equilibrium magnetisation Mg and T; were used in an iterative model [19] to cal-
culate tissue perfusion (ml/100 g/min) and tissue arrival time of the label (ms),

assuming a T; of blood at 1.5T of 1.36 5.

Statistical analysis

Statistical analysis was performed using SPSS software version 21(IBM®). Quan-
titative variables were expressed as mean + standard deviation (SD), and qualita-
tive variables as absolute and relative frequencies. Shapiro-Wilk test was used to
test the normality of the data. HVPG was used as a continuous parameter, and
correlations between variables and HVPG were computed using Pearson’s or
Spearman Rho correlation coefficient (R) as guided by the normal distribution
of the data. MR measures that significantly correlated with HVPG in the univari-
ate analyses were included in a multivariate linear regression analysis. In all anal-
yses, p <0.05 was considered statistically significant. Due to the exploratory
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nature of this study, no adjustments were made for multiple comparisons.

Results

Patient characteristics

All major clinical and biochemical parameters of the initial
patient group are presented in Table 1. Eighteen patients (60%)
had histological evidence of cirrhosis and 4 patients (13%) had
advanced fibrosis. In those with cirrhosis, 14 patients underwent
oesophagogastroduodenoscopy (OGD) and oesophageal varices
were present in five. In the whole population, nine patients
(30%) had no portal hypertension (HVPG <5 mmHg), 21 patients
(70%) had portal hypertension of which 14 patients (47%) had
clinically significant portal hypertension (HVPG >10 mmHg).

Table 1. Clinical and laboratory features of the study population.

Variable All patients (n = 30)
Age, years 55+ 13
Gender M/F 14/16
BMI 27.0+5.2
Aetiology (%)
Alcohol 9 (30%)
NAFLD 13 (43%)
Autoimmune liver disease 5(17%)
Histological fibrosis staging
No fibrosis 4 (13%)
Pericellular fibrosis 4 (13%)
Bridging fibrosis 4 (13%)
Cirrhosis 18 (60%)
Aspartate transaminase (AST), U/L 59.6 £ 40.0
Alanine transaminase (ALT), U/L 49.4 +38.4
Bilirubin, pmol/L 25.2+26.7
Alkaline phosphatase (ALP), U/L 141.0 + 106.8
Albumin, g/L 37.7+59
Prothrombin time, seconds 1.7+21
Platelet count, x10°%/L 155.7 £ 81.3
Serum sodium, mmol/L 137.8+2.7
Serum creatinine, pmol/L 65.8 + 23.6
Time between HVPG and MRI, days 25+12
Liver stiffness, kPa 17.5+155
HVPG, mmHg 9.8+6.1
HVPG >5 mmHg, n (%) 21 (70%)
CSPH, HVPG 210 mmHg, n (%) 14 (47%)
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ELF markers and LSM as predictors of HVPG

The ELF score correlated significantly with HVPG (Pearson
R=0.758, p <0.001). There was a significant correlation between
each of the individual components of the ELF score with HVPG;
HA (Spearman R=0.752, p <0.001), P3NP (Spearman R = 0.607,
p=0.001) and TIMP1 (Pearson R = 0.512, p = 0.006) (Fig. 1). Valid
LSM, as measured by TE, were available in 22 patients. LSM cor-
related significantly with HVPG (Spearman R =0.791, p <0.001)
(Fig. 2A). However, for both ELF scores and LSM, there was no sig-
nificant correlation in the subgroup of patients with portal hyper-
tension and CSPH at HVPG >10 mmHg.
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Fig. 1. Correlation between HVPG and serum markers of liver fibrosis. (A)
Enhanced Liver Fibrosis (ELF) score, (B) hyaluronic acid (HA), (C) aminoterminal
peptide of procollagen III (P3NP) and (D) tissue inhibitor of matrix metallopro-
teinase 1 (TIMP-1) concentrations.

Longitudinal relaxation time (T;) as a predictor of HVPG

Considering the whole patient group, there was a statistically sig-
nificant positive correlation between HVPG and SE-EPI liver T,
relaxation time (Pearson R=0.835 p<0.001; Predicted
HVPG = 585 + 15*(Liver SE-EPI Ty)) (Fig. 2B). This relationship
was maintained in patients with portal hypertension with HVPG
>5 mmHg (Pearson R=0.683, p=0.001) as well as CSPH with
HVPG >10mmHg (Pearson R=0.651, p=0.012). The mean
(x SD) number of voxels in the mask for liver T; measurements
was 3911(+ 1463). The FWHM of the liver SE-EPI T; Gaussian dis-
tribution showed a significant positive correlation with HVPG
(Spearman R=0.611, p <0.001) (Fig. 2C), reflecting the increased
heterogeneity in liver T; with increased severity of portal
hypertension.

The apparent liver relaxation time (T;*) measured from bFFE
maps was also a predictor of HVPG. As expected, the bFFE readout
T,* relaxation time was highly correlated with the SE-EPI T; value
(Pearson R=0.890, p <0.001), but was lower than that of the
true T, measured using a SE-EPI readout, (Liver SE-EPI T,)=
141 + 0.92*(Liver bFFE T;*) (median Gaussian distribution values).
A significant positive correlation of the bFFE T;* relaxation time
with HVPG was found (Pearson R =0.780, p <0.001), which was
significant for HVPG >5 mmHg (Pearson R = 0.524, p = 0.018).

Spleen T;* estimated from the bFFE readout scheme, corre-
lated with HVPG in the whole patient group (Pearson R = 0.40,
p =0.028) but this relationship was not significant in patients
with portal hypertension and CSPH with HVPG >10 mmHg.
Fig. 3 illustrates example coronal bFFE T* maps for patients with
increasing HVPG measures.

Splanchnic and portal flow measures in predicting the HVPG

There was no significant relationship between inflow (portal vein,
hepatic artery or total hepatic inflow) and outflow (right, middle
and left or total hepatic veins) of the liver with HVPG (Table 2).
Whilst in the splanchnic circulation, velocity of the blood flow
in the SMA and SA correlated significantly with HVPG (Pearson
R=0.534, p=0.002, R=0.584, p=0.003 respectively, Fig. 4A-B).
A significant positive correlation of SA velocity with HVPG was
found for HVPG >5 mmHg (Pearson R = 0.555, p = 0.032), no sig-
nificant correlation with SMA velocity was found for HVPG
>5 mmHg or HVPG >10 mmHg. No significant correlations were
found between SMA or SA velocity at HVPG <10 mmHg, highlight-
ing the haemodynamic changes associated with CSPH. In the azy-
gous vein, velocity and flow correlated significantly with HVPG
(Spearman R=0.515, p=0.004 and R=0.656, p <0.001 respec-
tively) (Fig. 4C). In patients with CSPH, no MR flow parameters
correlated significantly with HVPG. The within session CoV for
PC-MR vessel measures are shown in Table 2.

Tissue perfusion and relationship with HVPG

Valid liver perfusion measurements were obtained in 28 patients
and spleen perfusion measurements in 26 patients. Liver tissue
perfusion correlated positively with HVPG (Spearman R = 0.38,
p=0.046) and tissue arrival time negatively correlated with
HVPG (Spearman R =-0.467, p = 0.021). However, this relation-
ship was not present in patients with portal hypertension and
CSPH. Spleen tissue perfusion was not related to HVPG.
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Spleen and liver volume and their ratio to predict HVPG

Liver volume and spleen volume did not independently correlate
with HVPG. The ratio of liver/spleen volume negatively correlated
significantly with HVPG (Pearson R = —0.40, p = 0.028), but this
relationship was absent in patients with portal hypertension
and CSPH.

Predictive MR model of HVPG

Table 3 shows those MR parameters that correlated with HVPG in
the univariate analysis. The best predictive model for HVPG (that
provides the minimum sum-of-squares between measured and
predicted HVPG) included liver SE-EPI T; relaxation time and
SA velocity:

HVPG = -28 + 0.04*(Liver SE-EPI T;)+0.27*(SA velocity)
(Spearman R = 0.90, p <0.001),

This correlation was maintained in patients with CSPH
(R=0.85, p<0.001).

Slice 1 Slice 2 Slice 3 Slice 4 Slice 5
« h ] pe % ’ 44

Base M,

HVPG Liver T,*
f (nmHg)  (ms)

T,* (ms)
3 520
400
I 7 526
7 : 13 638
I @’ 4 22 753
1000 i

Fig. 3. Example of T, relaxation maps. Top row shows example image quality of
the coronal-oblique imaging slices for base equilibrium My data acquired from a
patient with HVPG of 3 mmHg. Subsequent rows show example coronal-oblique
bFFE T;* maps showing the liver and spleen, together with HVPG (mmHg) and
mode of the liver T;* value (ms) across a range of HVPG from 3-22 mmHg, with
columns showing each of the five slices collected for the T;* map.

Validation cohort

Additionally, 10 patients were enrolled to the study as a valida-
tion cohort, which included 4 with non-alcoholic fatty liver dis-
ease, 4 with alcoholic liver disease, 1 each with primary biliary
cholangitis and autoimmune hepatitis. Of these, 4 patients had
portal hypertension, of which 2 had CSPH. In this cohort, there
was a statistically significant positive correlation between HVPG
and the SE-EPI T; relaxation time of the liver (Pearson R = 0.83,
p=0.003). Fig. 5 illustrates a Bland-Altman plot showing pre-
dicted HVPG using liver SE-EPI T; alone, and the combined model
of liver SE-EPI T; and the haemodynamic measure of SA velocity.
The combined model can be seen to yield an improved estimation
of HVPG, particularly in CSPH.

Discussion

In liver cirrhosis, the disruption of sinusoidal architecture with
progressive fibrogenesis and intrahepatic vasoconstriction leads
to an increase in intrahepatic resistance resulting in the rise of
portal pressure. This is further accentuated by splanchnic vasodi-
lation and increased portal blood flow. In the present study we
have demonstrated that a combination of non-invasive quantita-
tive MR measures of liver SE-EPI T, relaxation time and SA veloc-
ity can provide a non-invasive estimation of portal pressure. The
combined model of structural and haemodynamic MR measures
identified in this study provides the best predictor to accurately
reflect the portal pressures through its full range from normal
to CSPH (Fig. 5).

The relationship between the degree of hepatic fibrosis and
portal pressure has been reported from studies comparing histo-
logical changes in liver biopsy with HVPG. For example, quantita-
tive liver biopsy analysis with collagen proportionate area
measurement correlated significantly with HVPG [25]. However,
histological analyses are limited by the inherent sampling vari-
ability associated with liver biopsies [26,27]. We have previously
shown that liver T; relaxation time is associated with the degree
of fibrosis and inflammation in the liver [17]. This acquisition and
analysis approach has been shown to be highly repeatable in
healthy subjects [17], with a CoV between visits of 1.8%, and a
low inter- and intra-observer variability with intra-class
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Table 2. Correlation coefficient and p value of portal, splanchnic and collateral circulation flow parameters as measured by phase contrast MR with HVPG, and the
intra-session coefficient of variation (CoV) of flow measures.

All patient group CSPH, HVPG 210 mmHg CoV, %
Correlation coefficient, R p value Correlation coefficient, R p value (Mean + SD)
Portal vein Area 0.141 0.464 0.182 0.533 3.0£2.0
© n =30 Velocity -0.028 0.882 -0.158 0.589 6.3+4.5
8 Flow 0.105 0.581 0.114 0.698 6.0+35
"E Fraction of total inflow  -0.322 0.102 -0.217 0.477
'5 Hepatic artery Area 0.104 0.605 -0.167 0.585 11.5+6.8
n=28 Velocity 0.295 0.128 0.327 0.275 125+83
Flow 0.240 0.218 0.095 0.759 125+7.9
Fraction of total inflow  0.322 0.102 0.217 0.477
Total hepatic inflow 0.166 0.407 0.065 0.834
Right hepatic vein Area -0.138 0.482 0.022 0.943 123+ 11
n=30 Velocity 0.114 0.548 -0.02 0.947 11.4+94
Flow -0.296 0.112 -0.237 0.415 95+74
Middle hepatic vein Area -0.270 0.183 0.05 0.872 11.8+8.8
n=27 Velocity 0.263 0.185 -0.018 0.955 104 +£9.2
Flow 0.016 0.936 -0.358 0.229 11.2+£83
Left hepatic vein Area -0.001 0.996 -0.067 0.854 12.7+9.4
n=22 Velocity 0.060 0.789 0.186 0.607 15.1+11.8
Flow 0.158 0.483 0.232 0.520 11.3+114
Total hepatic outflow -0.311 0.131 -0.356 0.233
Superior mesenteric Area -0.402¢ 0.031 -0.156 0.595 5.8+4.6
artery Velocity 0.534* 0.002 -0.253 0.384 48+3.4
n=30 Flow 0.265 0.156 -0.250 0.389 6.2+4.4
Splenic artery Area -0.107 0.636 -0.201 0.531 9.6+£6.0
n=24 Velocity 0.584** 0.003 0.572 0.052 8.8+56
Flow 0.244 0.250 0.172 0.594 11.1+6.6
Azygous vein Area 0.341 0.065 0.484 0.079 79+78
n=30 Velocity 0.515* 0.004 -0.290 0.314 10+7.4
Flow 0.656™ <0.001 0.273 0.345 106+7.5

correlation coefficients of more than 0.99. Here, SE-EPI T; data
were acquired with fat suppression, removing the effect of fat
on the calculated liver T; value, which results from the water
liver tissue compartment. In contrast, T;* data acquired with a
bFFE readout is affected by the hepatic fat content in a manner
dependent on the phase between the fat and water signal (as
determined by field strength and repetition time) [28]. Further
since our T; measurement method is both respiratory triggered
and multi-slice, it allows a large volume of the liver to be sampled
[mean (+ SD) of 3911 (+ 1463) voxels covering 281 (+ 106) cm?]
in a reasonable imaging time without the need for breath-hold,
making this imaging scheme ideal for patient studies. Previous
studies using a modified look-locker inversion recovery (MOLLI)
T, mapping method with bFFE readout have shown a correlation
with fibrosis [22]. However, this technique requires a breath-hold
for each slice acquired, and it has been shown that hepatic fat
content can be large enough to cause severe MOLLI T, alterations
[28]. The distribution of liver T; values (Gaussian FWHM) was
also shown to increase with the worsening portal hypertension,
reflecting the increasing heterogeneity of T; values across the
liver volume. This emphasises the sampling variability associated
with liver biopsy and potentially TE, and highlights the need for
architectural changes to be studied across the whole liver. In
the subgroup of patients with portal hypertension and CSPH,
the correlation between liver SE-EPI T; relaxation time and HVPG
remained significant, demonstrating its applicability in assessing

portal pressure in patients with severe portal hypertension. There
was no corresponding correlation between LSM and HVPG over
this higher HVPG range in patients with portal hypertension
and CSPH. Our findings are similar to those of Vizutti and col-
leagues who also report that LSM did not correlate with HVPG
>10 mmHg and it is likely that LSM does not reflect the extrahep-
atic haemodynamic changes in advanced portal hypertension.
The correlation between the ELF score and HVPG has not been
previously reported. However, similar to the LSM, the correlation
was lost in patients with portal hypertension and CSPH. A previ-
ous study has demonstrated the correlation of MRE-measured
liver loss modulus with HVPG (r=0.44, p=0.02) [13], a lower
correlation than using T, alone. It would be of interest to use T,
measures in conjunction with MRE-derived assessment of liver
stiffness to assess the prediction of HVPG.

We show a significant correlation between blood flow velocity
in the splanchnic circulation, in SMA and SA with HVPG, which is
likely to represent the hyperdynamic state in portal hyperten-
sion. Previous Doppler ultrasound studies have reported
increased flow in the SMA and SA in patients with cirrhosis
[29] but no direct comparisons with HVPG have been made. Dop-
pler ultrasound has also been widely used to assess the changes
in portal and splanchnic blood flow in liver disease. However, the
reproducibility of Doppler ultrasound has been questionable with
high intra- and inter-observer variation [16,30]. PC-MR is a
non-invasive flow measurement technique without intravenous
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Fig. 4. Correlation of HVPG with splanchnic and collateral flow. (A) superior
mesenteric artery (SMA) velocity, (B) splenic artery (SA) velocity and (C) azygous
vein (AZV) flow.

Table 3. Correlation coefficient and p value of MR variables included in
univariate analysis.

Variable Univariate Multivariate
Correlation pvalue pvalue
coefficient, R

Liver SE-EPI T' 0.835 <0.001  <0.001

Liver bFFE T™ 0.780 <0.001  <0.001

Spleen bFFE T™ 0.400 0.028

Splenic artery velocity 0.584 0.003 0.002

SMA velocity 0.534 0.002

Azygous vein flow 0.656 <0.001

Liver arrival time -0.572 0.004

Ln (liver/spleen volume)  -0.400 0.028

contrast, whereby the phase shift of flowing blood is proportional
to the velocity. Yzet and colleagues reported that PC-MR was a
more reliable measure of hepatic blood flow compared to Dop-
pler ultrasound with lower variability and higher reproducibility
[18]. In this study, we have shown that within session CoV of the
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Fig. 5. Predictive MRI model for HVPG. Bland-Altman plot showing the
difference between measured and predicted HVPG against the measured HVPG
using (A) liver SE-EPI T; relaxation time alone, and (B) predictive MR model of
liver SE-EPI T, relaxation time and splenic artery velocity. Data shown for original
(blue diamonds) and validation cohort (red squares), with mean difference (solid
line) and +1.96 standard deviations (broken line) shown.

velocity measurement of SMA and SA by PC-MR is less than 10%,
in agreement with a previous study [31].

It is an interesting observation that HVPG can potentially be
assessed non-invasively using a simple linear model of MRI
parameters of liver SE-EPI T; relaxation time and SA velocity.
Fig. 5 highlights that this linear model provides good prediction
of HVPG across the span of HVPG values from normal to CSPH,
better than SE-EPI liver T; relaxation time (or SA velocity) alone.
The scan time required to collect the data for this model (Liver T,
and triplicate SA data) is 5-10 min, dependent on breathing rate
of the patient, with PC-MR data being planned whilst the respira-
tory triggered T; sequence is acquired.

Various non-invasive markers of HVPG, including LSM, have
been reported as being accurate as a binary predictor of the pres-
ence or absence of CSPH [32]. However, we believe that the MR
measures of hepatic architecture and splanchnic haemodynamics
do have the advantage of being able to accurately estimate HVPG
values on a continuous scale as identification of the progression
of portal hypertension beyond the threshold of CSPH (HVPG
>10 mmHg), and this has prognostic implications in patients
with cirrhosis [7,9]. We could potentially utilise this MR model
to monitor the HVPG response in portal hypertensive patients.
For example, MRE has been used for the first time in a recent clin-
ical trial [33], and this proposed algorithm could now be used in
future trials in cirrhosis patients to potentially demonstrate and
assess diagnostic test characteristics, for example to assess
beta-blocker therapy for lowering of HVPG (HVPG to <12 mmHg
or reduction of 20% from baseline).

Here, we have included all patients who were undergoing
HVPG measurements for clinical suspicion of portal hypertension
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in our study population. Although patients without cirrhosis and
portal hypertension were included in the study, this reflects the
use of HVPG and the potential for non-invasive alternatives in
clinical practice. Moreover, the patients included ranged from
those with normal portal pressures to severe portal hypertension
which enabled the MR measures to be evaluated over a wide
range of HVPG values.

In conclusion, in a well characterised patient population, we
have shown that a combination of quantitative MR measures of
liver T; and SA velocity correlate significantly with HVPG; this
was replicated in our second cohort. If these results are confirmed
by external validation, this non-invasive model including both
architectural (liver T, relaxation time) and haemodynamic (SA
velocity) measures could be used as a surrogate measure of HVPG
in clinical trials of portal hypertension as well as monitoring
treatment in clinical practice.
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Multiparametric Renal Magnetic
Resonance Imaging: Validation,
Interventions, and Alterations in
Chronic Kidney Disease

Eleanor F. Cox', Charlotte E. Buchanan', Christopher R. Bradley', Benjamin Prestwich’,
Huda Mahmoud?, Maarten Taal?, Nicholas M. Selby? and Susan T. Francis™*

' Sir Peter Mansfield Imaging Centre, University of Nottingham, Nottingham, United Kingdom, 2 Centre for Kidney Research
and Innovation, Royal Derby Hospital, University of Nottingham, Derby, United Kingdom

Background: This paper outlines a multiparametric renal MRI acquisition and analysis
protocol to allow non-invasive assessment of hemodynamics (renal artery blood flow and
perfusion), oxygenation (BOLD T»*), and microstructure (diffusion, T4 mapping).

Methods: \We use our multiparametric renal MRI protocol to provide (1) a comprehensive
set of MRI parameters [renal artery and vein blood flow, perfusion, Ty, To*, diffusion
(ADC, D, D*, f), and total kidney volume] in a large cohort of healthy participants (127
participants with mean age of 41 + 19 years) and show the MR field strength (1.5 T
vs. 3 T) dependence of T4 and To™* relaxation times; (2) the repeatability of multiparametric
MRI measures in 11 healthy participants; (3) changes in MRI measures in response to
hypercapnic and hyperoxic modulations in six healthy participants; and (4) pilot data
showing the application of the multiparametric protocol in 11 patients with Chronic
Kidney Disease (CKD).

Results: Baseline measures were in-line with literature values, and as expected,
T4-values were longer at 3 T compared with 1.5 T, with increased T1 corticomedullary
differentiation at 3 T. Conversely, To* was longer at 1.5 T. Inter-scan coefficients
of variation (CoVs) of T1 mapping and ADC were very good at <2.9%. Intra class
correlations (ICCs) were high for cortex perfusion (0.801), cortex and medulla T4 (0.848
and 0.997 using SE-EPI), and renal artery flow (0.844). In response to hypercapnia, a
decrease in cortex T>* was observed, whilst no significant effect of hyperoxia on To*
was found. In CKD patients, renal artery and vein blood flow, and renal perfusion was
lower than for healthy participants. Renal cortex and medulla T1 was significantly higher
in CKD patients compared to healthy participants, with corticomedullary T4 differentiation
reduced in CKD patients compared to healthy participants. No significant difference was
found in renal To*.

Conclusions: Multiparametric MRI is a powerful technique for the assessment of
changes in structure, hemodynamics, and oxygenation in a single scan session. This
protocol provides the potential to assess the pathophysiological mechanisms in various
etiologies of renal disease, and to assess the efficacy of drug treatments.

Keywords: magnetic resonance imaging, hemodynamics, oxygenation, renal function, arterial spin labeling
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Multiparametric Renal MRI

INTRODUCTION

Magnetic Resonance Imaging (MRI) offers the possibility to
non-invasively assess the structure of the kidney as well as
renal function in a single scan session. This article outlines the
development of a quantitative functional multiparametric renal
MRI protocol to probe hemodynamics (total and regional blood
flow, perfusion), oxygenation [Blood Oxygen Level Dependent
(BOLD) T,* imaging], and microstructure (diffusion weighted
imaging, longitudinal relaxation time T mapping) and describes
associated analysis methods. This multiparametric MRI protocol
is applied in healthy participants, to assess both reproducibility
and the field strength dependence of MRI parameters between
1.5 and 3 Tesla (T). In addition, studies are performed in healthy
participants to evaluate the possibility of using hypercapnia
and hyperoxia to monitor changes in renal BOLD and T,
reactivity. Finally, pilot data demonstrating the feasibility of this
multiparametric protocol in Chronic Kidney Disease (CKD) is
shown.

The kidney is an intricate organ which regulates electrolytes,
acid-base balance, and blood pressure and filters blood to remove
water soluble waste products (Skorecki et al., 2016). Regulation
of renal tissue oxygenation is complex, because renal blood flow
is not only needed to prevent hypoxic injury but is inextricably
linked to the requirement for glomerular filtration. The kidney’s
response to hypoxia cannot simply be an increase in renal blood
flow, as this would also increase oxygen demand; a number
of hemodynamic mechanisms are required to regulate the fine
balance between oxygen delivery and consumption, and these can
be measured using multiparametric MRI.

Oxygen delivery is determined by arterial blood flow, which
is regulated by arterial blood pressure and intrarenal vascular
resistance, local tissue perfusion and blood oxygen content
(Evans et al, 2008). Arterial blood is supplied to the kidney
via the renal artery, and blood flow can be estimated from
phase contrast MR. The renal artery sequentially divides into
segmental, interlobar, arcuate, and interlobular arteries before
finally reaching the afferent arterioles that supply the glomeruli.
The renal microcirculation varies depending on the location of
each nephron within the cortex. In the outer cortex, glomerular
efferent arterioles give rise to a capillary network that surrounds
the tubules, important for reabsorption of water and electrolytes.
In contrast, the efferent arterioles supply the medulla and give
rise to the vasa recta, the long unbranched capillary loops
that run into the inner medulla associated with the loop of
Henle, as well as capillaries in the outer medulla. This facilitates
concentration of urine in the medulla, but also has consequences
for oxygenation.

The majority of arterial blood delivered to the kidney is
directed toward the renal cortex, which primarily is responsible
for filtration and tubular reabsorption; 5-15% is delivered to
the medulla, whose purpose is concentration of the urine by
maintaining a hypertonic environment. Despite the much lower
proportional blood flow, the absolute blood flow to the medulla
is still significant, reflecting large total renal blood flow (~20% of
cardiac output), and a number of physiological and pathological
conditions can produce significant redistribution of renal blood

flow. However, a significant cortico-medullary oxygen gradient
exists, with the inner medulla having a tissue oxygenation (pO,)
as low as 10 mmHg, compared to 50 mmHg in the cortex. MR
potentially provides a non-invasive method to assess this change
in tissue oxygenation.

Tubular epithelial transport allows the kidney to regulate
volume and composition of urine, but has significant energy
and oxygen requirements. Reabsorption of sodium is the
main determinant of oxygen consumption (Blantz et al., 2007;
Thomson and Blantz, 2008), so that oxygen consumption
is related to renal function, with reductions in glomerular
filtration rate (GFR) resulting in a lower filtered load and
lower requirement for sodium reabsorption. Renal perfusion is
driven primarily by the need to maintain glomerular filtration
rather than oxygenation, and therefore arteriovenous shunting
of oxygen occurs to prevent hyperoxic tissue injury (via peri-
glomerular shunts and between arterial and venous limbs of the
vasa recta).

Although the kidney can reduce oxygen consumption in
response to hypoxia, the lower pO; in the medulla increases
its propensity to ischemic damage, which is considered a
key pathogenic event in acute kidney injury (AKI) and
CKD (Venkatachalam et al., 2010). Since multiple interacting
mechanisms operate in concert to provide tight regulation
of intrarenal oxygenation, dysfunction of these mechanisms
may contribute to the pathogenesis of kidney disease. For
example, vascular morphologic changes may occur such as,
capillary rarefaction as well as factors that affect regional
blood flow and oxygen diffusion e.g., upregulation of the
renin-angiotensin or sympathetic nervous systems (Adler et al.,
2004). Alternatively, other changes may impact regional oxygen
utilization such as alterations in global and single nephron GFR,
drugs interfering with glomerular hemodynamics or tubular
transport and hydration status. In addition to the complexity
of kidney function, renal diseases such as CKD are diverse in
terms of pathophysiological processes, etiology and outcomes,
highlighting the need for multiparametric MRI measures. Renal
perfusion and tissue oxygenation appear central integrating
factors in kidney disease, highlighting the need to perform
a combined assessment of these parameters, and regardless
of the nature of initial insult, fibrosis is the final common
pathway.

The potential use of complementary MRI techniques to non-
invasively assess multiple parameters to provide a wealth of
information on renal blood flow and regional perfusion, tissue
oxygenation, and degree of fibrosis, as well as behavior in low
or high oxygen or carbon dioxide, will undoubtedly aid the
understanding of kidney disease. Prior to the use of MRI in
kidney disease, the reproducibility of MRI measures and their
dependence on different factors must be understood in normal
tissue.

Here, we assess the inter-subject variability, repeatability, and
field strength dependence of multiparametric MRI measures
in healthy participants. Physiological modulations such as,
hyperoxia and hypercapnia are performed, and pilot data are
shown to illustrate the feasibility of detecting changes in MR
measures in CKD.

Frontiers in Physiology | www.frontiersin.org

September 2017 | Volume 8 | Article 696


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Cox et al.

Multiparametric Renal MRI

MATERIALS AND METHODS
Study Design

Studies were carried out according to the principles of the
Declaration of Helsinki. Healthy participant studies were
approved by the Local Ethics Committee and patient studies
were approved by the East Midlands Research Ethics Committee.
Written informed consent was obtained from all participants.

Imaging was performed on either a 1.5 or 3 T Philips
whole body MR scanner. Data is presented from studies that
use the multiparametric renal MRI protocol, comprising
quantification of renal blood flow and perfusion, renal
oxygenation, and markers of renal microstructural change
due to fibrosis/inflammation. All data was collected with subjects
fasted for at least 2 h prior to their scan.

Variability, Repeatability, and Field Strength
Dependence in Healthy Participants

Here, we evaluate the variation in MRI measures within normal
tissue of a healthy participant cohort, specifically we assess renal
artery and renal vein blood flow [as measured with phase contrast
(PC)-MRI], kidney perfusion [as measured with arterial spin
labeling (ASL)], T; measures [and a comparison of readout
schemes: spin echo-echo planar imaging (SE-EPI) and balanced
fast field echo (bFFE)], tissue oxygenation (from BOLD T,*),
diffusion weighted imaging (DWI), and total kidney volume.
Data collated across a number of studies are first shown, giving
a cohort of 127 participants (88 male) with mean age of 41 £
19 years. This data is then divided into two groups comprising
healthy participants <40 years and >40 years [see Section
Application in Chronic Kidney Disease (CKD)]. In addition the
field strength dependence of MR relaxation times is assessed.
Since clinical MR scanners at both 1.5 and 3 T are now widely
available, the field dependence of MR relaxation time measures
of T} (using both SE-EPI and bFFE) and T,* for renal cortex and
renal medulla was assessed.

A subset of 11 participants (age 20-28 years, body mass
index 20-26 kg/m?) had two/three repeat 3 T scans at the
same time of day and after an overnight fast to limit diurnal
and dietary variability. To determine the between session
repeatability of MRI measures, the intra-subject Coeflicient of
Variation (CoV; defined as the standard deviation/mean) and
intra class correlation (ICC, average measures, two-way random,
absolute agreement) were assessed.

Physiological Modulation in Healthy Participants

Physiological modulations, such as gas enrichment by
hypercapnia, hyperoxia, or carbogen (hypercapnic-hyperoxia;
Milman et al., 2013) may provide a more sensitive marker
to assess changes in renal oxygenation and microcirculation
reactivity and functionality, and changes in these parameters
associated with pathology. Here, we assess the change in MRI
parameters in healthy participants in response to hypercapnia
and hyperoxia. We induced hypercapnia and hyperoxia using a
sequential gas delivery breathing circuit and a prospective, feed-
forward gas delivery system (Respiract™, Thornhill Research
Inc., Toronto, Canada) to control and monitor end-tidal

oxygen (PprO;) and carbon dioxide (PgrCO;) partial pressures.
Hypercapnia was targeted at PrrCO, ~6 mmHg above the
subjects’ baseline value whilst keeping PO, constant at the
subjects’ resting value, the paradigm comprised 5 min normoxia
and 5 min of hypercapnia. Hyperoxia was targeted at PrrO,
~500 mmHg with PgrCO; targeted to remain constant at the
subjects’ resting value. The paradigm comprised 5 min normoxia
and 5 min of hyperoxia, PrrO; was increased/decreased over a 1
min transition period.

BOLD T,* was measured at 3 T using a multi-gradient echo
Fast Field Echo (mFFE) sequence in six healthy participants (3
male, mean age 25 years, range 22-28 years) during the hyperoxia
and hypercapnia challenge. T; was measured during a hyperoxic
challenge in five healthy participants (3 male, mean age 26 years,
range 22-31 years) using an inversion recovery sequence with
modified respiratory triggering and a bFFE readout at 3 T.

Application in Chronic Kidney Disease (CKD)

To demonstrate the feasibility of use of the multiparametric
MR protocol in patients, 11 patients with CKD Stage 3
or 4 were scanned (inclusion criteria: estimated GFR 15-66
ml/min/1.73 m?, age 18-85 years). Baseline blood pressure and
estimated GFR of the patients was recorded. The complete
multiparametric protocol was performed comprising of localizer
scans, PC-MRI, ASL, T1, T,*, and DWI data as described below.
All scans were acquired in approximately 45 min.

The Multiparametric MRI Protocol

Figure1 outlines the key MRI parameters within the
multiparametric protocol, these measures can all be performed
within a 45 min scan session. All mapping data are collected with
matched geometry with slices in a coronal-oblique plane through
the long axis of the kidneys, allowing automated interrogation of
the resulting multiparametric maps. All data is acquired using
respiratory triggering or an end-expiration breath hold to ensure
data is acquired at the same point in the respiratory cycle. Each
of the parameters within this protocol are outlined below.

Localizers and Kidney Volume Assessment

Balanced turbo field echo (bTFE) scans are acquired in three
orthogonal planes (30 slices of 1.75 x 1.75 x 7 mm? resolution,
data collected in single breath hold per orientation). These scans
provide a localizer to allow accurate planning of subsequent
images, and segmentation of these images yields total kidney
volume.

Phase Contrast (PC)-MRI to Assess Renal Artery and
Vein Blood Flow
Prior to the PC-MRI acquisition, an angiogram is acquired to
plan the placement of the PC-MRI renal artery slice to ensure
that it is positioned prior to any bifurcations of the artery.
PC-MRI is then used for the measurement of blood flow in
the renal arteries and veins (Debatin et al., 1994; Schoenberg
et al., 1997; Bax et al., 2005; Park et al., 2005; Dambreville et al.,
2010). PC-MRI is performed using a single slice TFE image
placed perpendicular to the vessel of interest. Multiple phases
are collected across the cardiac cycle when imaging the renal
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FIGURE 1 | Multiparametric non-invasive renal MRI protocol.
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artery (20 phases) and renal vein (15 phases). Imaging parameters
use a flip angle of 25°, reconstructed resolution 1.2 x 1.2 x
6 mm?, and velocity encoding of 100/50 cm/s for renal artery and
vein, respectively. Each measurement is acquired during a single
15-20 s breath hold, dependent on the subjects’ heart rate.

Arterial Spin Labeling (ASL) to Assess Renal Cortex
Perfusion

ASL uses magnetically labeled water protons in blood that act
as a diffusible tracer, providing an internal endogenous contrast.
By subtracting labeled images (radiofrequency magnetic labeling)
from control images (no labeling applied), perfusion maps can be
quantified using a kinetic model (Buxton et al., 1998). Renal tissue
perfusion assessed by ASL has been implemented in healthy
(Karger et al., 2000; Martirosian et al., 2004; Boss et al., 2005;
Kiefer et al., 2009; Gardener and Francis, 2010; Cutajar et al.,
2012, 2014; Park et al., 2013; Gillis et al., 2014; Tan et al., 2014;
Hammon et al., 2016), transplanted (Artz et al., 2011a,b; Niles
et al,, 2016) and diseased (Michaely et al., 2004; Boss et al., 2005;
Fenchel et al., 2006; Ritt et al., 2010; Rossi et al., 2012; Dong et al.,
2013; Heusch et al., 2013; Tan et al., 2014) kidneys.

To measure renal cortex perfusion, we have implemented a
respiratory-triggered FAIR (Flow-sensitive Alternating Inversion
Recovery) ASL scheme. For imaging, we use either a SE-EPI
or bFFE readout. Typical imaging parameters at 3 T are a post
label delay (PLD) time of 1,800 ms (depending on choice of
readout scheme and field strength Buchanan et al., 2015), 40
label/control pairs, 288 x 288 mm field of view, 3 x 3 x
5mm? voxel resolution. A SE-EPI readout provides good spatial
coverage, allowing multiple slices to be acquired in a short
acquisition time over the ASL signal curve (five slices in ~ 300
ms at 3 T). A bFFE readout provides the benefit of high spatial
resolution, typically 1.5 mm in-plane spatial resolution and 5 mm
slice thickness, however this can limit slice coverage due to the

increased acquisition time per slice (~ 250 ms slice spacing at
3 T). Since ASL is a subtraction technique, we use respiratory
triggering to minimize the effects of respiratory motion leading to
misalignment or blurring. It is important to take into account the
arrival time of the blood to the tissue when quantifying perfusion,
particularly in disease where the arrival time can be increased,
resulting in an apparent reduction in perfusion. A separate scan
to assess the arrival time of the blood to the tissue is acquired,
by collecting ~4 label/control pairs at shorter PLD times (500,
700, 900, 1,100 ms). A base equilibrium My scan and T map are
also required for accurate perfusion quantification. Depending
on respiratory rate, scan time for 40 label/control pairs of ASL
data is approximately 6 min, with a further 2 min for assessment
of arrival time and collection of a base My scan.

Longitudinal Relaxation Time T4 Mapping

The assessment of the longitudinal relaxation time T; of tissue
is essential for the quantification of ASL perfusion. Recently,
T; mapping alone has been shown to provide an important
parameter by which to evaluate fibrosis (due to the association
of collagen with supersaturated hydrogel) or inflammation
(interstitial edema, cellular swelling). T; has been shown to
correlate well with fibrosis and edema in the myocardium (Iles
et al.,, 2008; Jellis and Kwon, 2014), liver (Hoad et al., 2015;
Tunnicliffe et al., 2017), and more recently in the kidney (Friedli
etal., 2016).

Here, an inversion recovery sequence with a modified
respiratory triggering scheme (Figure2) has been developed
to minimize respiratory-induced abdominal motion between
images of differing contrast collected across the range of
inversion times required to compute a T; map. The respiratory
trigger is applied at the peak of inspiration in the respiratory cycle
and the image is then acquired at a constant time following this
trigger, during the flat end-expiration period of the respiratory
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FIGURE 2 | Modified respiratory triggered inversion recovery sequence shown
for (A) short (Tl1) and (B) long (Tlo) inversion time. By altering the variable
delay, Tv, each image acquisition is collected at a constant time (Tv + TI)
following the respiratory trigger. First arrow indicates the respiratory trigger
(“Respiratory Trigger”), second the inversion pulse (“Inversion”), and the
shaded block indicates the image acquisition readout (“Acquisition”).

cycle. A variable delay, Tv, is introduced between the respiratory
trigger and the inversion pulse which is followed by the inversion
time, TI, between the inversion pulse and image acquisition. By
holding the total time period Tv + TI constant, this results in
all image readouts for all inversion times being collected at a
constant time of (Tv + TI) following the respiratory trigger and
as such all images are aligned across the inversion times. The
time (Tv + TI) is chosen to be at the end-expiration period of
the respiratory cycle to minimize any potential motion artifacts.

Here, we use either a SE-EPI or bFFE readout scheme for T}
mapping. In general, the same readout scheme as is used for
the ASL acquisition is chosen. Importantly, the chosen image
readout scheme has an impact on the measured T; value. A
SE-EPI readout scheme provides a “true” T; value, whereas a
bFFE readout scheme results in an “apparent” Ty, shorter than
the “true” Ty due to the influence of transverse relaxation rates
(T2/T2*; Schmitt et al., 2004). At 3 T, we typically collect 13
inversion times of 200, 300, 400, 500, 600, 700, 800, 900, 1,000,
1,100, 1,200, 1,300, and 1,500 ms in a total scan time of <3 min.
For a multi-slice bFFE readout, the temporal slice spacing is
longer (~250 ms at 3 T) than for a SE-EPI (~60 ms at 3 T)
readout, and therefore the dynamic range of TIs can be increased
by acquiring the scans ascend, descend and interleaved slice
order.

An alternative scheme for T mapping is to use a modified
look-locker inversion recovery (MOLLI) sequence originally
developed for cardiac T; mapping. This typically involves the
acquisition of a cardiac-gated single-shot MOLLI sequence
using a bFFE readout [23] with a 3(3)3(3)5 sampling pattern
collected in a breath hold. However, this acquisition scheme
is not best suited to the kidney, since it is cardiac triggered,
requires a number of breath holds for complete coverage of
the kidneys, and does not match the ASL acquisition readout
scheme, and so it is not implemented in our multiparametric
protocol.

Diffusion Weighted Imaging (DWI)

DWTI assesses the thermally induced Brownian motion of water
within tissues, which can be quantified from the Apparent
Diftusion Coefficient (ADC). ADC may also be affected by factors
such as tubular flow and capillary perfusion, which can be better
distinguished using the IntraVoxel Incoherent Motion (IVIM)
model to quantify pure diffusion (D; Le Bihan et al., 1988). In
DWI, at least two single-shot echo-planar images are acquired
without and with diffusion weighting gradients (b-values) from
which molecular diffusion can be quantified and spatially
mapped. It is important to note that the quantification of the
ADC is affected by the b-values acquired. In this multiparametric
protocol, DWI data is acquired with a SE-EPI readout at multiple
b-values (for example, 11 b-values of 0, 5, 10, 20, 30, 50, 100, 200,
300, 400, 500 s/mm?). The highest b-value is chosen such that the
echo time (TE) does not become so long as to limit the signal-
to-noise ratio (SNR) of the image. Typically a 288 x 288 mm
field of view is used with 3 x 3 x 5 mm? voxel resolution which
has a minimum TE of 56 ms. This sequence is acquired with
respiratory triggering such that the image readouts are collected
at the end-expiration period. For 11 b-values, the acquisition time
is approximately 8 min.

Blood Oxygenation Level Dependent (BOLD) Imaging
to Assess Tissue Oxygenation

BOLD MRI exploits the paramagnetic properties of
deoxygenated blood, which acts to shorten the transverse
relaxation time constant (T,*)—alternatively expressed as the
relaxation rate Ry* (1/T2*)—a measure which provides an
indirect non-invasive assessment of oxygen content. Higher R,*
(or lower T,*) is an indicator of lower tissue pO,. BOLD MRI
is more sensitive at detecting changes in medullary compared
to cortical pO, due to their relative positions on the oxygen
dissociation curve—cortical pO, lies near the plateau of the
hemoglobin oxygenation curve and medullary pO, lies on the
linear part of the curve, thus a large change in local pO; is needed
to cause a similar change in Ry* for the cortex compared to the
medulla. The use of BOLD MRI to measure renal oxygenation
has been extensively studied. However, it should be highlighted
that a number of other factors, such as, hydration status, dietary
sodium intake, and susceptibility effects also alter BOLD R,*
(Pruijm et al., 2017), this can make it difficult to draw definite
conclusions from its independent use. For a review of this
technique, see Pruijm et al. (2017). In this multiparametric
protocol, BOLD T,* data is acquired using a mFFE sequence
with multiple slices. Typical imaging parameters are 1.5 mm
in-plane resolution, 5 mm slice thickness, initial TE 5 ms, TE
spacing 3 ms, 12 echoes, flip angle 30°. Each measurement is
acquired in a single ~17 s breath hold.

Analysis of Multiparametric MRI

Kidney Volume Assessment

Analyze9 software (AnalyzeDirect, Overland Park, KS) is used
to define a region of interest around the kidneys on each bTFE
localizer image slice. Total kidney volume can then be calculated
by summing across all slices, typically the coronal slices are
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used for organ volume measures. Analysis time is approximately
10 min.

PC-MRI Renal Blood Flow Assessment

A region of interest is placed over the vessel using Q-flow
software (Philips Medical Systems, Best, NL). Mean flow velocity
(cm/s), mean cross-sectional area of the lumen (mm?), and hence
mean bulk renal blood flow (ml/s) over the cardiac cycle, are
calculated for each vessel. Total perfusion of each kidney can then
be calculated by correcting the renal blood flow to kidney volume.
Analysis time is approximately 2 min per vessel.

Multiparametric Interpretation

Combining multiparametric MRI maps adds considerable
insight into the underlying physiology. We have developed
a multiparametric image analysis program (MATLAB, The
Mathworks Inc., Natick, MA) that generates and combines the
parametric ASL perfusion, T}, diffusion, and BOLD T,* maps in
the same data space. The multiparametric maps can then be used
to perform multivariate analysis of structural and hemodynamic
measures in automated regions of interest in the cortex and
medulla.

Mapping perfusion from ASL data

Individual perfusion weighted difference images (control-
label) are calculated, inspected for motion (exclude >1 voxel
movement) or realigned, and averaged to create a single
perfusion-weighted (AM) map. AM, T; maps (see below), and
My maps are then used in a kinetic model (Equation 1; Buxton
et al., 1998) to calculate tissue perfusion (f) maps (in ml/100g
tissue/min). T pjood is assumed to be 1.55s at 3 T and 1.36s at
1.5 T (Dobre et al., 2007), whilst 2, the blood-tissue partition
coeflicient, is assumed to be 0.8 ml/g for kidney. Analysis time
is approximately 10 min.

f ePLD/Tl,upp—e PLD/Tl,hlaod

Moy=—
A1 /Ty piood — 1/ Trapp
= L/ +f/» (1)

where

AM (PLD)

LT gy

Longitudinal relaxation time (T,) mapping

Inversion recovery data is fit on a voxel-by-voxel basis to
Equation (2) to generate a “true” Ty map for the SE-EPI readout,
for the bFFE readout an “apparent” T} map is obtained. Analysis
time is approximately 3 min of user intervention, and up to 1 h
processing time on a standard pc.

S(TI) = Sp (1 —2e "/ m ) 2)

Mapping ADC, D, D*, and f, from DWI data

DWI data are fit to form ADC maps (in mm?/s) by taking the
log of the exponential signal decay (Equation 3). In addition,
since the DWT data is collected at a number of b-values, it is
possible to model the bi-exponential IVIM model (Equation 4).
In the IVIM model, D (in mm?/s) is the pure tissue molecular
diffusion coeflicient representing the diffusion coefficient of slow
or non-perfusion-based molecular diffusion, D* (in mm?/s) is the
pseudodiffusion coefficient which is the fast or perfusion-based

molecular diffusion representing intravoxel microcirculation or
perfusion, and f; is the perfusion fraction (%) of the voxel (Le
Bihan et al., 1988; Koh et al., 2011). To fit data to the IVIM
model, D was first fit to Equation (3) for b-values of >200
s/mm?, this assumes that the pseudodiffusion component D* can
be neglected above this value. Second, f, was determined from
the zero intercept of this fit. Finally, D* was obtained from the
monoexponential fit using the precalculated values of D and f,
(Suo et al., 2015). Analysis time is approximately 5 min of user
intervention, and up to 5 min processing time on a standard pc.

S(b) = Spe~tAPC 3)
S(b) = £,S0e PP + (1 —f,) Spe PP (4)

BOLD MRI to map T>*/Ry*

mFFE data are fit voxelwise using a weighted echo time (TE) fit to
form T>*/Ry* maps from the log of the exponential signal decay
(Equation 5). Analysis time is approximately 5 min.

_TE N
S(TE) = Sge” /'™ (5)

Interpretation of multiparametric maps

Binary whole kidney masks are formed from the manual
segmentation of the base equilibrium My scan or T} map. To
distinguish renal cortex and medulla, a histogram of T; values
across both kidneys is formed (with a bin size of 20 ms). Two
peaks in the histogram, originating from the renal cortex and
medulla, can be identified from which to form separate renal
cortex and renal medulla masks. This segmentation procedure
is illustrated for both a healthy participant and CKD patient in
Figure 3. It should be noted that T, values are elevated in CKD
[see Section Application in Chronic Kidney Disease (CKD)], but
sufficient corticomedullary differentiation remains to segment
the cortex from medulla. These binary cortex and medulla masks
can then be applied to each parametric map (perfusion, T;, ADC,
D, D*, and f,) to interrogate identical regions of interest in
which to assess mean values of each parameter. Importantly, to
assess heterogeneity of measures and remove bias, a Gaussian
curve fit can be applied to the histogram to determine both the
mode and full-width-at-half-maximum (FWHM) of renal cortex
and medulla parameter values across one or both kidneys (Rossi
et al,, 2012). The assessment of corticomedullary differentiation
(medulla-cortex) in MRI parameters also provides important
information. Analysis time is approximately 10 min.

RESULTS

All results given are the mean and standard deviation across
participants.

Variability, Repeatability, and Field Strength

Dependence in Healthy Participants

Figure 4 shows example multiparametric MRI maps for a single
healthy participant collected at 3 T, illustrating that the maps
can be combined in the same data space and allow assessment
of heterogeneity across the kidney. Table 1 provides the mean
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FIGURE 3 | (A) Example image analysis for a healthy participant indicating segmentation of the kidneys from the T4 map, definition of cortex and medulla masks from
the histogram, and the application of the renal cortex mask to an arterial spin labeling perfusion map allowing the interrogation of a histogram [for mode and
full-width-at-half-maximum (FWHM)] of renal cortex perfusion values. (B) Example image analysis for a chronic kidney disease patient indicating definition of cortex

and medulla masks from the T histogram of the kidneys.
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and associated standard deviation for MRI parameters collected
across the cohort of healthy participants, with the number of
subjects included in each analysis provided, and a comparison to
literature values.

Table 2 shows the field strength dependence of longitudinal
(T;) and transverse (T,*) relaxation times. As expected, Ti-
values are longer at 3 T compared with 1.5 T for both the
SE-EPI and bFFE readout schemes. It should be noted that
the “apparent” T; measured using a bFFE readout scheme is
shorter than the “true” T} measured using a SE-EPI readout. The
corticomedullary differentiation of T; can be seen to be greater
at 3 T compared with 1.5 T. Conversely, the transverse relaxation
time (T,*) is longer at 1.5 T.

Table 3 provides the CoV and ICC:s for the repeatability study
at 3 T. The CoV is low for Ty (< 2.9%), ADC (2.9%), T,*
(4.1%), and kidney volume (4.2%). The ICCs were high for
cortex perfusion (0.801), cortex and medulla T; (0.848 and 0.997
using SE-EPI), renal artery flow (0.844) and total kidney volume
(0.985).

Physiological Modulation in Healthy
Participants

Figure 5A shows the T,* mode and FWHM in renal cortex
and medulla at normoxia and during hypercapnia or during
hyperoxia. During hypercapnia, there was a trend for a decrease

in the T>™ mode in the renal cortex (P = 0.098, paired ¢-test),
but the T>* FWHM did not change. The T>* mode in the renal
medulla did not change, but the T,* FWHM was found to
increase (P = 0.02, paired ¢-test). During hyperoxia, there was
no change in T,* mode or FWHM in either the renal cortex or
renal medulla.

Figure 5B shows the “apparent” T; mode and FWHM for
renal cortex and medulla at normoxia and during hyperoxia.
During hyperoxia, there was no significant change in the
“apparent” T1 mode of renal cortex or medulla, but the FWHM
increased in the renal cortex (P = 0.009, paired ¢-test) and
medulla (P = 0.092, paired ¢-test).

Application in Chronic Kidney Disease
(CKD)

All 11 CKD patients had glomerular kidney disease, Table 4
provides demographic details of the patients and divides the
healthy participants into young (<40 years) and older (>40
years) age groups for comparison. Table 5 provides the MRI
results for each of these groups.

Renal artery blood flow was significantly reduced in the older
healthy participants compared to the young healthy participants,
though no difference is seen between the older participants and
CKD patients. In CKD, renal cortex perfusion and renal vein
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FIGURE 4 | Example arterial spin labeling perfusion, longitudinal relaxation
time T4, ADC (apparent diffusion coefficient), and transverse relaxation time
To* maps in a healthy participant.

blood flow were lower than in older healthy participants. Ty SE-
EPI in the renal cortex was significantly higher in CKD patients
compared to older healthy participants, and corticomedullary
T, differentiation was reduced in CKD patients compared to
older healthy participants. T>* measured in the renal cortex and
medulla was not significantly different in CKD patients compared
with healthy participants. In this patient cohort, renal cortex
ADC, D and total kidney volume in CKD patients were also not
significantly different to healthy participants.

DISCUSSION

This article has demonstrated acquisition and analysis methods
to perform multiparametric assessment of the kidneys in healthy
participants and CKD patients.

Variability, Repeatability, and Field Strength
Dependence in Healthy Participants

We provide a comprehensive summary of MRI parameter values
for healthy participants, results are in agreement with values
reported across separate studies in the literature (Table 1). When
comparing T; measures for the renal cortex and medulla to
literature values, it is important to consider the MR field strength
and readout scheme used for the image acquisition. Here, we
show the expected T; increase with field strength (Table 2).
Further, the computed T; value is dependent on the image
readout scheme, with a shorter “apparent” T; measured for a
bFFE readout compared to a SE-EPI readout, due to the influence
of transverse relaxation on the bFFE readout. The Ty of the
medulla was higher than that of the cortex, resu