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Abstract

Introduction: The prevalence of kidney failure is increasing globally. Patients with kidney
failure experience a vastly increased risk of cardiovascular disease and premature death,
which is incompletely offset with current kidney replacement therapies. The development of
reliable biomarkers in kidney failure could allow novel therapeutics to be more readily
trialled in patients with kidney failure due to enhanced patient selection, reduced participant
burden and reduced trial duration and cost. The present thesis utilises 6 distinct studies to
examine imaging biomarkers applied to 2 sub-populations of patients with kidney failure.
Firstly, I explore several imaging techniques assessing the excess cardiovascular risk
observed in patients on dialysis (studies 1-4). Secondly, I examine the utility of renal MRI to

investigate kidney transplant dysfunction (studies 5, 6).

Methods and Results:

1. Global longitudinal strain on cardiovascular MRI. In a retrospective study of 215
participants with kidney failure, left ventricular global longitudinal strain on
cardiovascular MRI associated with all-cause mortality, independent of baseline
clinical variables and future renal transplantation.

2. Effect of haemodialysis on native T1 mapping. In a prospective study of 26 patients
undergoing regular haemodialysis, acute changes in cardiac volumes and myocardial
composition were detectable on 3T cardiovascular MRI following a single session of
haemodialysis with fluid removal.

3. Radial-VIBE MRI for the detection of vascular calcification. In a prospective
study of 96 individuals with kidney failure (24 haemodialysis, 72 transplant), a radial-
VIBE sequence on MRI was subjectively able to detect thoracic aortic calcification.
However, significant bias existed with respect to quantification of calcification
volume, with MRI over-estimating volume when minimal calcification was present
and under-estimating it at greater volumes. Improvements in radial-VIBE image
quality are necessary, and until then CT should remain the primary modality for
assessing vascular calcification in clinical practice.

4. Myocardial extracellular volume by contrast enhanced CT. In a prospective study
of 23 participants on regular haemodialysis there was no correlation between
extracellular volume on CT and myocardial native T1 (a surrogate for myocardial

fibrosis).
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5. Different regions of interest for the analysis of multiparametric renal MRI. In a
pooled study consisting of 40 participants (10 healthy volunteers, 10 patients with left
ventricular systolic dysfunction and 20 renal transplant recipients) comparing
different regions of interest (ROI) for the analysis of renal MRI, it was found that
manually drawn ROIs delineating the cortex or in a representative area of cortex
could be used interchangeably, with acceptable inter-observer reproducibility.

6. Multiparametric renal MRI for the investigation of renal transplant dysfunction.
In a study of 28 participants (20 with complete data) that was stopped prematurely
due to the COVID-19 pandemic, there was no correlation between any renal MRI

variable and the percentage of renal cortex containing fibrosis.

Conclusion: There is a clear clinical need for the development and validation of reliable
biomarkers for patients with kidney failure. However, the results of the present thesis suggest
that, in their present form, neither functional MRI for the identification of cardiovascular
disease in patients undergoing dialysis, nor renal MRI in patients with transplant dysfunction,

are ready for implementation into clinical trial research protocols or clinical practice.
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Abbreviations

ADC

BNP

CKD

CM-CKD

CT

DBD

DCD

DTI

DWI

eGFR

GLS

LV

LV-GLS

LVEF

LVH

NT-proBNP

apparent diffusion coefficient

brain natriuretic peptide

chronic kidney disease

cardiomyopathy of chronic kidney disease

computed tomography

donation after brain-stem death
donation after circulatory death
diffusion tensor imaging

diffusion weighted imgaing
estimated glomerular filtration rate
global longitudinal strain

kidney replacement therapy

left ventricular

left ventricular global longitudinal strain
left ventricular ejection fraction
left ventricular hypertrophy
millimetres

magnetic resonance imaging
milliseconds

N-terminal pro-brain natriuretic peptide
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ROI region of interest

SD standard deviation
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Chapter 1 — Introduction

This thesis will outline the implications of kidney failure and the potential role that imaging
biomarkers could play in the future management of patients with kidney failure. Across 6
distinct research studies (4 addressing cardiovascular imaging; 2 addressing functional renal
MRI), this thesis examines specific aspects of proposed imaging biomarkers that are of

relevance to patients with kidney failure.

1.1 Chronic Kidney Disease

Chronic kidney disease (CKD) is defined as “abnormalities of kidney structure or function,
present for >3 months, with implications for health”!. The diagnosis is based on markers of
kidney damage, which can be any one of: estimated or measured glomerular filtration rate <
60 ml/min per 1.73 m?, urinary abnormalities (albuminuria, proteinuria, haematuria),
structural abnormalities on imaging, abnormalities detected by histology, history of kidney
transplantation or other electrolyte and tubular abnormalities. The staging of CKD is based on
estimated glomerular filtration rate (¢GFR), and sub-divided by degree of albuminuria

(Figure 1.1)".
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Figure 1.1 - Prognosis of chronic kidney disease (CKD) by glomerular filtration rate (GFR)

and albuminuria.

The risk of death increases as GFR declines and albuminuria increases. (Kidney Disease

Improving Global Outcomes (KDIGO) 2012; reproduced with permission'.
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Green: low risk (if no other markers of kidney disease, no CKD); yellow: moderately increased risk; orange: high risk;
red, very high risk.

There are numerous formulae available to calculate eGFR, of which the CKD-EPI formula?
utilises serum creatinine, standardised for age, sex and, race, to mathematically estimate
glomerular filtration rate. However, newer formula, which utilise cystatin-C, instead of
creatinine, and which remove the race adjustment, have been shown to improve accuracy, and

are expected to enter clinical practice in the future®~.

1.2 Kidney failure

Kidney failure refers to individuals with an eGFR <15 ml/min/1.73m? or those requiring

kidney replacement therapies (KRT) to maintain life®.
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1.2.1 Epidemiology of kidney failure

On a global scale, kidney failure represents a major health problem. In 2017, the global
prevalence of CKD was 9.1% (697.5 million) accounting for 1.2 million deaths that year’.
The global prevalence of CKD increased by 29.3% from 1990 to 2017, albeit the age-
standardised prevalence of CKD did not increase suggesting that this represents the ageing
global population, with age being a key determinant of CKD prevalence in a population.
However, the age-standardised global incidence of dialysis and kidney transplantation did
increase, by 10.7% and 12.8%, respectively’.

In Scotland, there were 5,470 prevalent patients receiving KRT on 315 December 2020. Of
these, 61% had a functioning kidney transplant, 35% were being treated with haemodialysis
and 4% with peritoneal dialysis®. Between 2015-2019, the most common aetiology for renal
failure was diabetes, followed by multisystem causes, then interstitial causes, then

glomerulonephritis, then unknown®.

1.2.2 Kidney replacement therapy

Several modalities of kidney replacement therapy are available. Many of these are continuous
therapies (e.g. continuous veno-veno haemofiltraton; slow continuous ultrafiltration) that are
mostly utilised in critical care settings’. With regards maintenance kidney replacement
therapy for out-patients with chronic kidney failure, there are three broad categories:
haemodialysis, peritoneal dialysis and transplantation. Within each category exists numerous
sub-types and permutations, the detail of which goes beyond what is relevant to the present
thesis. A brief overview of the main modalities is outlined below. Renal transplantation is the
optimal form of kidney replacement therapy in patients without contraindications to it. In
patients unable to receive a kidney transplant, there is no superiority of one form of dialysis
over another, therefore the decision as to which type to start is dictated by patient preference,

resource availability and physician opinion'®.

1.2.2.1  Haemodialysis
In the UK, the majority of patients undergoing maintenance haemodialysis attend a renal

dialysis unit thrice weekly on a Monday, Wednesday, Friday or a Tuesday, Thursday,
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Saturday. Standard treatment length is 4 hours per dialysis session. A minority of in-centre
haemodialysis patients undergo extended hours nocturnal dialysis. This is largely initiated
due to patient preference (e.g. to accommodate work commitments, childcare) but is also
associated with improved cardiovascular phenotypes, fluid balance and biochemical
parameters'!>. A separate minority of maintenance haemodialysis patients perform their
treatment at home. This often involves more frequent treatments (e.g. six times per week) of
varying length and allows more flexibility in lifestyle and has similar associated health
benefits as extended hours nocturnal dialysis affords'®. The goal of maintenance dialysis is to
use regular intermittent treatments to control biochemical and volume-related complications
of kidney failure in order to preserve life and allow the possibility of health.

Haemodialysis requires blood to be drawn from the patient at consistent and sustainable flow
rates of 200-350 ml/minute and, as such, requires suitable vascular access to achieve this.
Haemodialysis access options comprise of native arterio-venous fistulae, synthetic arterio-
venous grafts or large bore tunnelled central venous catheters. Choice of vascular access
should be individualised for each patient depending on their preference, anatomy, co-
morbidities, and future transplant potential, but with fistulae being the preference where all
other factors are equal'®. The patient’s blood is then drawn into the dialysis machine where
small and middle molecule clearance is achieved across a semi-permeable membrane using
diffusion, with or without additional convective forces (in the case of haemo-diafiltration').
Counter-current dialysate fluid of pre-determined solute composition maintains concentration
gradients so that blood returning to the patient has biochemical properties closer to that
expected in the healthy population. However, while a patient’s creatinine, urea, potassium,
phosphate, bicarbonate, and other measurable blood indices will improve following dialysis,
the correction rarely results in normalisation of results. Even where it does so, the indices
would be expected to then become increasingly abnormal over the following hours to days
until their next dialysis session. Volume management is achieved by ultrafiltration, which
utilises pressure gradients between the blood flow and the dialysate flow within the dialysis
machine in order to remove a pre-specified rate of fluid. This can be performed
contemporaneously as dialysis and the volume of fluid to be removed is clinician-lead based

on a patient’s weight and fluid assessment.

1.2.2.2  Peritoneal Dialysis
Peritoneal dialysis utilises the patient’s peritoneal membrane as the dialysis membrane!¢.

Fluid is instilled into the patient’s abdomen via an indwelling peritoneal catheter. Passive
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diffusion of waste molecules then occurs to allow elimination of potassium, creatinine, urea
and other small molecules when the peritoneal fluid is later drained out. Ultrafiltration is
achieved depending on the osmotic qualities of the infused dialysis fluid, with higher strength
glucose solutions (or icodextrin, a high molecular weight glucose polymer) drawing excess
water from the intravascular space into the peritoneal space to allow a greater volume of fluid
to be drained off at the end of a treatment session than was originally infused. The process is
then repeated multiple times a day to achieve sufficient dialysis and fluid clearance.
Continuous ambulatory peritoneal dialysis refers to a dialysis regime whereby the patient
manually fills, and then later drains, fluid in/out of the peritoneal cavity 3-5 times per day.
However, the majority of patients on peritoneal dialysis now perform automated peritoneal
dialysis®, where they connect themselves to a machine at night-time, which then cycles fluid
in and out of the peritoneal space at programmable intervals to achieve the majority of
dialysis overnight, followed by a final fill of fluid that remains in the abdomen providing
ongoing dialysis and ultrafiltration during the day. This fluid is then drained off that evening

when the patient connects back onto their automated peritoneal dialysis machine.

1.2.2.3  Kidney transplantation
Kidney transplantation is associated with improved survival and quality of life when
compared to remaining on dialysis!’, and is therefore the optimal form of kidney replacement
therapy in patients where no contraindications exist. The major contraindications to kidney
transplantation include: unacceptable peri-operative risk, contraindications to
immunosuppression (including active uncontrolled or recurrent infections and active cancer),
anatomical barriers (diseased or unsuitable vasculature; lack of space in abdomen due to
organomegaly or obesity) or any other factor that would prevent the individual from gaining
significant improvement in quality or quantity of life by transplantation'®. In addition, there is
a significant population of patients who are suitable to receive a kidney transplant but have
long delays on the transplant waiting list due to immunological barriers reducing the
likelihood of receiving an immunologically acceptable kidney offer. Transplants can be from
a live donor, which may be genetically related or not, or from a deceased donor (which can
be donation after circulatory death (DCD) or donation after brain-stem death (DBD)). In the
majority of cases, a single kidney in transplanted but where the donor is paediatric both
kidneys may be transplanted “en bloc”. Kidney transplants can also be performed as a
simultaneous pancreas-kidney dual transplant in patients with diabetes who fulfil specific

criteria'®. Clinical outcomes vary with the type of transplant received with the best graft
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survival seen in living donor kidneys, followed by DBD, then DCD. As a result, there are
national campaigns to maximise living donor kidney transplants, including as part of the
national kidney sharing scheme, which aims to improve transplant outcomes in potential
recipients who have a willing, but immunologically incompatible, living donor®®. Extended
criteria donors are donors who are: over the age of 60 years, or are over 50 years old with a
history of hypertension, death by intracranial haemorrhage or a baseline serum creatinine

over 133 pmol/I?!

. Transplanted kidneys from extended criteria donors are known to yield
outcomes superior than those achieved by staying on dialysis but inferior to transplantation
with a standard criteria kidney, with graft survival rates at 5 years approximately 20% lower

than standard criteria donor transplants®!,

Regardless of what type of kidney transplant is received, graft survival is still finite, with a
median overall graft survival of 11.7 years and 19.2 years for deceased donor and living
donor transplants, respectively??. The causes of graft failure are varied but the most prevalent
is chronic fibrosis resulting from low grade inflammation and rejection’>2°. Once a transplant
kidney function deteriorates until the point it is no longer able to support health, the patient
must undergo a further transplant (which is commonly performed but requires planning and
carries a greater immunological risk with regards rejection), start dialysis or be managed

conservatively.

1.2.2.4  Conservative Care
Conservative care is an approach to CKD management that is employed in patients who
either do not wish kidney replacement therapy or in whom the medical team do not believe it
to be an appropriate treatment for them. It refers to active supportive management of CKD
that looks to prioritize symptom control. Conservative care is an essential part of any CKD
service and it is increasingly being utilised due to the aging population and the increasingly

recognised burdens of dialysis in comorbid patient populations?®.

1.2.2.5  Future kidney replacement therapies
Major advances in kidney replacement therapy are expected in the next 20 years. These range
from the gradual to the radical. Gradual changes in the field of dialysis are expected to
include increased usage of extended hours and home-based haemodialysis, improved vascular

access creation and maintenance?’*3

and the potential for improved therapeutics once several
ongoing clinical trials report** 2. There is also the possibility of radical ‘blue-sky’ therapies

being realised, with notable advances in the development of wearable dialysis machines and
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biologically enhanced renal assist devices, which utilise cultured renal tubule cells to improve

fluid and biochemical homeostasis®*34.

With regards transplantation, similar advances are anticipated. These are likely to include an
increased utilisation of live donor kidney transplants, increased utilisation of potential
deceased donor kidneys (e.g. through utilisation of normothermic perfusion®®, virally infected
kidneys®S, optimisation of immunosuppressive therapy, especially in highly sensitized
individuals®”), as well as improved biomarker utilisation for the identification of acute
rejection®®, More radical changes in the field of transplantation may be achieved in the next

few decades, which might include genetically-altered xenotransplantation®.

While we optimistically await these major advances, it is not clear if they will be sufficient to
off-set the impending health burden that is expected as the global prevalence of patients

requiring kidney replacement therapy continues to rise rapidly™.

1.2.3 Complications of kidney failure

The complications of CKD are multisystem and increase in severity as the degree of CKD
increases, such that individuals with kidney failure requiring replacement therapy are at
greatest risk. Consequently, as CKD progresses, the frequency and severity of complications
becomes more prevalent*’. Ultimately, without replacement therapy, kidney failure is fatal.
However, while kidney replacement therapies are effective at preventing death from kidney
failure, these therapies are less effective at preventing the amassing complications that result
from prolonged existence with incomplete replacement of renal functions (in the case of
dialysis or post-transplant CKD) or complications resulting directly from the therapies (e.g.
dialysis access complications; opportunistic infections and malignancies resulting from

immunosuppression post-transplantation).

1.2.3.1  Cardiovascular disease
Patients with CKD are at a greatly increased risk of cardiovascular disease*!. This risk
increases with severity of CKD*, such that patients with CKD stage 5 are 3-4 times more
likely to experience a cardiovascular event than age-standardized patients without CKD*. In

patients with kidney failure requiring dialysis, the prevalence of cardiovascular disease is
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approaching 70%* and cardiovascular disease remains the single most common cause of
death accounting for between 25-40% of all deaths**’. CKD populations have a high
prevalence of traditional cardiovascular risk factors, such as hypertension, dyslipidaemia,
diabetes, smoking and old age, and these factors remain predictive of cardiovascular risk*®
However, risk prediction models using only traditional cardiovascular risk factors under-

4349 and adding an assessment of kidney function to

estimate the risk in CKD populations
these models improves prediction*>*°. A number of CKD-specific risk factors, such as
proteinuria, bone mineral disease and intradialytic hypotension, have been identified and

contribute to the excess cardiovascular mortality”!-2.

CKD results in a unique cardiovascular phenotype: with relatively fewer deaths due to
atherosclerotic processes but more due to sudden cardiac death and heart failure***"->3, The
pathophysiological basis for this phenotype is believed to be a combination of 2 processes.
Firstly, Cardiomyopathy of Chronic Kidney Disease (CM-CKD), which is also called
‘uraemic cardiomyopathy’, refers to a specific pattern of myocardial fibrosis that is found in
patients with CKD. It has been shown to be a strong predictor of cardiovascular mortality>*
36, Secondly, arterial disease has been consistently demonstrated to associate with poor
outcome in CKD*”*®, CKD drives pathological changes to arterial function with 2 interlinked
processes. The blood vessels stiffen (which we have shown associates with premature
cardiovascular disease in kidney failure)*>*° and exhibit accelerated calcification®!. There

are currently no available treatments, beyond transplantation, that have been consistently

shown to reduce mortality from cardiovascular disease in patients with kidney failure.

1.2.3.2  Hypertension
Hypertension is common in CKD and occurs early in the disease course. Between 60-88%
patients with CKD not requiring replacement therapy have hypertension*®$263, In patients
requiring dialysis, one study found that 86% had hypertension of whom only 30% were
deemed to be adequately controlled®. In non-dialysis CKD, hypertension increases the risk of
cardiovascular events, but this association is less clear in patients requiring dialysis where a
U-shape relationship is evident, with the most extreme risk observed in individuals with low
systolic blood pressure pre-dialysis**®°. The optimal blood pressure target for patients with

kidney failure requiring replacement is not known® %,
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1.2.3.3 Dyslipidaemia
The prevalence of hyperlipidaemia increases as the severity of CKD increases®. However,
the beneficial effect of statins reduces as the severity of CKD increases, such that patients on

haemodialysis gain less benefit from statin therapy than other patient groups’®’!.

1.2.3.4 Anaemia
Over 75% of patients with kidney failure have anaemia’?, of which the aetiology is
multifactorial”®. Erythropoietin stimulating agents and intravenous iron form the mainstay of
anaemia management in patients with kidney failure’*. Excessive doses of erythropoietin
stimulating agents have been shown to be harmful, such that guidelines recommend avoiding
over-correction of anaemia’, while, in contrast, high dose intravenous iron resulting in supra-
physiological iron stores has been shown to reduce cardiovascular events in patients on

dialysis”.

1.2.3.5 Metabolic disorders and CKD-related bone and mineral disease
The primary function of the kidney is to maintain homeostasis. In kidney failure, metabolic
complications, including acidosis, hyperkalaemia, nutritional deficiency, altered glucose
regulation and abnormal salt and water handling are common’®. In addition, there is likely to
be accumulation of unmeasured molecules that are usually excreted by the kidney, with
unquantified effects on all organ systems. The specific syndrome of CKD-related bone and
mineral disease encompasses a range of biochemical and skeletal abnormalities due to
hyperphosphataemia, active vitamin D deficiency and secondary hyperparathyroidism that
occur a consequence of kidney failure’’. Secondary effects of the resulting metabolic milieu
are far-reaching and difficult to quantify but likely impact on vascular calcification, left
ventricular hypertrophy, platelet and coagulation function, myopathy, neuropathy, and skin

function, amongst other body systems.

1.2.3.6  Malignancy
The risk of cancer is elevated in patients with kidney failure. In renal transplant recipients the
risk is at least twice that of the general population and is a recognised, explainable
consequence of the immunosuppressive therapy necessary to maintain transplant function’®,
In patients on dialysis the risk of multiple different cancers is also increased compared to the
general population’®’. The causative role of kidney failure in the development of these

cancers is unclear and it may be that starting dialysis denotes survivor bias, but regardless if
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the relationship is causal or not, the association is consistently reported with implications for

clinical management of patients on dialysis.

1.2.3.7  Cognitive impairment
Cognitive impairment is more prevalent within CKD populations than non-CKD
populations®!. The aetiology is multifactorial with suggested hypothesis including vascular
injury and direct effect of uraemic toxins®!. In a dialysis population, changes in cerebral
blood flow during dialysis are evident and correspond with intradialytic cognitive
dysfunction. In those who continued dialysis, these changes were associated with progressive

cognitive decline which improved in those who underwent transplant®.

1.2.3.8  Multimorbidity
CKD is associated, almost ubiquitously, with multimorbidity due to the inevitable
complications it produces and the high prevalence of CKD resulting from another disease
(e.g. diabetes). Increasing levels of multimorbidity in CKD is associated with increasing
mortality®®, and in comparison to patients with multimorbidity but without CKD, those with

CKD have 2-3 times higher risk of hospitalisation®.

1.2.3.9  Mortality
There is a graded association between the severity of CKD and increasing risk of death, with
CKD stage 5 yielding an adjusted hazard ratio for death of 5.9*2. The risk is greatest in
patients requiring dialysis®, such that the 5 year adjusted life expectancy of 50% is worse

than many solid organ cancers including colorectal and breast cancer®®.

1.2.3.10 Complications specific to kidney replacement therapy.
Patients requiring dialysis have the greatest risk of the aforementioned complications. In
addition, there are specific complications relating to their dialysis modality. These include
dialysis access complications (thrombosis, dysfunction, infection)®’, increased risk of blood
borne viruses®®, and intradialytic end-organ hypo-perfusion, which can occur with®® and
without®® systemic hypotension. For patients on peritoneal dialysis, there are similar risks of
access failure and infection, including bacterial peritonitis, as well as the small risk of
encapsulating peritoneal sclerosis'®.
Transplant recipients have greatly improved cardiovascular and metabolic risk profiles
compared to those on dialysis but remain at a greater increased risk of death and
cardiovascular disease compared to the age-matched general population®. They are also

vulnerable to transplant-related complications such as the risks of immunosuppression pre-
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disposing to severe and opportunistic infections, as well as an increased risk of diabetes and

cancer’>.

1.3 Biomarkers and their use in medicine

A biomarker is a “defined characteristic that is measured as an indicator of normal biological
processes, pathogenic processes, or responses to an exposure or intervention, including
therapeutic interventions®.” Biomarkers can be molecular, histological, radiographic, or
physiologic characteristics that can be used in 7 broad settings: susceptibility/risk, diagnostic,
monitoring, prognostic, predictive, pharmacodynamic/response and safety®®. Biomarkers are
ubiquitous in modern clinical practice, and there are whole fields of medical research aimed
at identifying and honing novel biomarkers. The properties of an ideal biomarker vary
depending on its intended application, often balancing sensitivity, specificity, cost,

availability, responsiveness and biological plausibility depending on how it will be used.

1.4 Why are biomarkers important for patients with kidney failure?

There is no cure for kidney failure and, as outlined above, all kidney replacement therapies
bring a risk of complications and reduced life expectancy. Despite this, nephrology lies far
behind other medical specialties with regards the number of completed clinical trials, with ten
times fewer nephrology trials published over a 40-year period compared to cardiology®*.
Without clinical trials, any progress in the management of kidney failure will be slow and
unproven. There are multiple reasons for scarcity of trials in nephrology including an over-
reliance on registry data, low prevalence of primary renal disease (e.g. glomerulonephritis)
making recruitment challenging, high prevalence of secondary renal disease (e.g. diabetic
nephropathy, ischaemic nephropathy) resulting in heterogenous cohorts, and repeated
negative trial results’®?>% driving disengagement of funders, researchers and participants.

As a result, the standard of care never improves.

The identification of reliable biomarkers relevant to CKD would allow incorporation into
clinical trial design and overcome many of these problems. For instance, imaging biomarkers
could be used to identify participants who stand most to benefit from a proposed treatment

and therefore allow smaller sample sizes to be used due to the expected greater magnitude of
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effect. This approach already been successfully applied in the field of nephrology®’, albeit
there can be negative consequences to this strategy, including increased resources required
for participant screening and limiting the generalisability of trial results. Alternatively,
validated biomarkers could be used as surrogate outcome measures to allow novel
therapeutics to be trialled more readily, with shorter follow-up durations and reduced cost, so
that only promising treatments would go on to the more expensive and burdensome hard

outcome clinical trials.

A reliable cardiovascular biomarker for patients with kidney failure is urgently needed to
improve our understanding of pathophysiology, diagnosis and management of the excessive
cardiovascular risk associated with kidney failure. CM-CKD, or ‘uraemic cardiomyopathy’, is
challenging to study for a number of reasons. Myocardial biopsy is ethically difficult to justify
due to procedural risks and potential sampling errors’®*°. Animal models of uraemia exist but
are not representative of human disease due to the relatively shorter duration of CKD and
difficulties in replicating dialysis in animals. Therefore, non-invasive techniques to detect CM-
CKD are required in order to allow diagnosis and prognostication, and for the identification of

targets for new therapies.

1.5 Cardiovascular biomarkers in kidney failure

The most commonly used soluble cardiac biomarkers in routine clinical practice are derivatives
of cardiac troponins and brain-natriuretic peptides. Cardiac troponin levels are often elevated
in people with CKD, but this reflects the increased cardiovascular risk in this population, rather
than the reduced renal excretion of the biomarker!%. For the assessment of acute myocardial
infarction, dynamic changes in troponin remain highly sensitive in people with CKD'%
Beyond the assessment of myocardial infarction, high sensitivity troponin, as well as NT-pro-
BNP and novel biomarkers sST2 and GDF-15'"! have been shown to associate with incident
heart failure!®, cardiovascular mortality and all-cause mortality!®. For the diagnosis of heart
failure, BNP and NT-proBNP can be used in persons with CKD not on dialysis with similar
accuracy to non-CKD controls, albeit higher threshold values are required'®. In people on
dialysis, BNP and NT-proBNP have prognostic value but limited role in the diagnosis of heart
failure!?®19 With regards identification of myocardial fibrosis, both Troponin and BNP have

been shown to correlate with CKD-specific changes on CMR!% but are not specific for this
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finding.

The electrocardiograph (ECG) also has utility in the diagnosis and prognosis of cardiovascular
disease in kidney failure. For instance, in one dialysis cohort, evidence of left ventricular
hypertrophy by voltage criteria independently predicted cardiovascular mortality'®”. However,
it is well recognised that ECG findings can vary significantly throughout a single dialysis
session. In this study, the voltages increased throughout dialysis, while other studies have
repeatedly reported QRS prolongation, T-wave inversion and QT prolongation occurring
during dialysis!®1% It is plausible that the changes occur due to altered cell membrane

potentials due to changing water and electrolyte contents of the myocardial interstitium.

Echocardiography is widely available and well-established clinical tool that allows assessment
of cardiac structure and function. However, there are specific challenges to using

echocardiography in patients with kidney failure!!

. Up to 70% of patients requiring regular
dialysis will have left ventricular hypertrophy on echocardiography, however the prognostic
significance of this finding is uncertain ''%!'!, Furthermore, estimation of ventricular volumes
by echo is inherently dependent on patient volume status and can yield inconsistent results in
patients with kidney failure who are prone to volume overload'!'>!'3, While some more
specialised echocardiographic techniques, in particular speckle-tracking echocardiography and
integrated backscatter analysis, have shown promising results for the identification of

myocardial fibrosis in CKD ', cardiovascular MRI remains the gold-standard technique'?>.

1.6 Cardiovascular MRI as a biomarker in kidney failure

Cardiovascular magnetic resonance imaging (MRI) is established as the reference method for
imaging CM-CKD'!*. Cardiovascular MRI has been shown to be superior to echocardiography
for accurate definition of cardiac dimensions in kidney failure!!'>. Gadolinium-enhanced MRI
can identify diffuse myocardial fibrosis in patients on dialysis''®, and associates with poor

survival'l’

. However, after initial success with gadolinium-based techniques, the discovery of
an association between nephrogenic sclerosing fibrosis and gadolinium contrast media ended
any further research with these agents'!®!!°. The need for an alternative marker of CM-CKD is
urgent and has been further intensified by recent doubts cast on the validity of isolated left

ventricular hypertrophy (LVH) (admittedly diagnosed primarily by echocardiography), as a
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marker for cardiovascular outcomes in CKD patients'!!. There are numerous cardiovascular
imaging techniques that are emerging as potential biomarkers CM-CKD, including global
longitudinal strain (GLS), native T1 mapping, native T2 mapping, novel sequences for the
identification of vascular calcification and contrast-enhanced CT to allow quantification of

myocardial extracellular volume.

1.6.1 Global longitudinal strain

Myocardial strain measures the percentage of muscle deformation during the cardiac cycle as
an alternative approach to assessing cardiac function compared to volumetric methods such
as left ventricular ejection fraction (LVEF)'?°. Strain can be assessed in 3 planes -
longitudinal, circumferential and radial — in both the left and right ventricles (Figure 1.2). In
patients with kidney failure, GLS is of theoretical advantage as a more sensitive indicator of
myocardial stiffening due to fibrosis. Indeed, studies assessing GLS by echocardiography in
patients with CKD have been shown it to be a strong independent predictor of cardiovascular
and all-cause mortality'?!"'23, However, GLS measured using cardiovascular MRI has not

been assessed in this population.

Figure 1.2 — Representative images of global longitudinal strain.

Representative image showing endocardial and epicardial contours on the left ventricle from
a 4 chamber long axis cine (left atrial and right ventricular endocardial contours also shown)
(A); the resultant strain curve showing the percentage of global longitudinal deformation for
each phase throughout the cardiac cycle (B); and a “bull’s-eye” plot showing the peak
longitudinal strain within each segment of the myocardium as defined by the American Heart

Association (AHA) model (C) >

Peak Longitudinal Strain (%)
78.6 mm (AHA) c
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1.6.2 Myocardial native T1 and T2 mapping

Myocardial fibrosis is the pathological hallmark of the cardiomyopathy of chronic kidney
disease but is difficult to image without the use of gadolinium-based contrast agents.
However, native T1 mapping, which is a non-contrast MRI sequence that represents the
constant for the longitudinal relaxation time (ms) of the myocardium to reflect changes in
extra- and intracellular compartments is a promising biomarker for quantifying fibrosis
(Figure 1.3). In non-CKD populations, native T1 mapping has been shown to correlate well
with histological fibrosis'>>1?®. The concern in CKD populations is that tissue oedema, rather
than fibrosis, may confound the result'?”!?® and further studies are needed to clarify this.
Native T2 mapping, which assesses the transverse relaxation time constant (ms) and is
sensitive to changes in proton (i.e. water) binding to macromolecules may be a useful
biomarker of tissue oedema and could be used to complement T1 mapping, with specific

relevance in kidney failure populations'®.
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Figure 1.3 — Representative images of native T1 mapping (A) and native T2 mapping (B) of

a mid-ventricular short-axis image of the heart on 3T MRI.

1.6.3 Radial-VIBE MRI for the detection of vascular calcification

The severity of vascular calcification associates with the severity of CKD and portends a poor
outcome>®!?°, Several therapeutic agents are currently being trialled to treat vascular
calcification in CKD, of which magnesium supplementation and sodium thiosulphate appear
most promising'*’. Computed tomography (CT) is the gold standard non-invasive technique
for assessing vascular calcification but is limited by the requirement of exposure to ionising
radiation. Conventional spin-echo MRI sequences cannot identify vascular calcification as
the low proton density within the calcification appears hypointense and indiscernible from the
dark arterial lumen. Radial volumetric-interpolated breath-hold examination (radial-VIBE) is
a novel non-contrast, free-breathing gradient-echo MRI sequence which may allow the
identification and quantification of vascular calcification on MRI (Figure 1.4). This would be
of particular value where serial scanning was required, especially in research settings, due to
the lack of ionising radiation, or in patients undergoing magnetic resonance angiography or
cardiovascular MRI where additional information on vascular calcification would be useful

and easily attainable.
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Figure 1.4 - Representative images of vascular calcification (red arrows) on CT (A) and MRI

Radial-VIBE (B). Both images are sagittal slices of the thoracic aorta on 3T MRI.

1.6.4 Myocardial extracellular volume

Myocardial extracellular volume measured using gadolinium-based contrast agent-enhanced
MRI is the gold standard method for non-invasively quantifying diffuse myocardial
fibrosis!*""132 but is relatively contraindicated in patients with kidney failure due to the risk of
nephrogenic systemic fibrosis. An alternative approach using iodinated contrast-enhanced CT
has been shown to reliably measure ECV, with close affinity to MRI, in patients with
amyloid'*} and aortic stenosis'** (Figure 1.5). If applicable to patients with kidney failure,
this technique could be crucial for non-invasively identifying myocardial fibrosis, the key
histological change in the cardiomyopathy of CKD, to improve the diagnosis and potential

treatments of cardiovascular disease in kidney failure.
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Figure 1.5 - Representative images of contrast-enhanced cardiac computed tomography.
Panels show pre-contrast (A), post-contrast (B) and 5 minute delayed post-contrast (C)
images. Regions of interest (ROI) were manually drawn in the inter-ventricular septum and
the left ventricular blood pool on the post-contrast images (B). The ROIs were copied to the
corresponding locations on the pre-contrast and the delayed post-contrast images (A, C).
Myocardial extracellular volume on CT (ECV-CT) was calculated by the formula: ECV-CT =
(1 — haematocrit) x (change in HUjissue/change in HUpio0d), where HU refers to the signal

intensity in hounsfield units in the septum (HUjissue) and blood pool (HUplood).

1.7 Renal MRI as a biomarker in kidney failure

Functional renal MRI is a burgeoning area of research with potential to improve our
understanding and diagnosis of renal disease. While previous studies exploring MRI to
describe purely anatomical features, such as cortico-medullary differentiation, were found to

be of limited clinical value'3>13¢

, modern MRI sequences utilize a variety of parameters to
draw inferences as to renal microstructure, perfusion, and diffusion and therefore have
potential to offer comprehensive characterization of renal disease'*” '*°. However, functional
renal MRI is still a relatively new technique and further research is required to expand our
understanding of its prognostic ability, histological correlations, and how to best combine

different MRI sequences to aid translation into clinical practice'*.

Renal transplantation is the optimal treatment for patients with renal failure. Despite
advances in our understanding of the immune system and development of drugs to prolong
transplant function, the period of time for which a transplant functions remains finite, with
13% failing before 5 years and 26% failing before 10 years'*?. The most common reason for
transplants to fail is the development of chronic immune-mediated rejection and other causes

of irreversible fibrosis*>?°. Incident transplant dysfunction is most commonly detected due to
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a rise in serum creatinine with or without the emergence of proteinuria. These markers of
acute transplant dysfunction are non-specific and usually herald further investigations into the
individual causes, but ultimately, a biopsy of the transplant kidney is often required for
definitive diagnosis'**'#*. Biopsy of renal transplants include the risks of bleeding (which can
be severe), infection (with seeding from urinary tract to bloodstream), loss of transplant
function, non-diagnostic results and discomfort for patients!>14®. Furthermore, a standard
renal biopsy samples <1% of renal cortex tissue and is therefore prone to sampling error,
which may mis-inform clinical practice (e.g. if an area of focal scarring is biopsied). If a
treatment is instigated on the basis of a biopsy result, it can be necessary to repeat the biopsy
to assess treatment response, thus doubling the risk exposure for patients. Accordingly, a non-
invasive biomarker of renal transplant pathology is needed. Several studies have shown that
specific MRI sequences can detect parenchymal fibrosis in renal transplant recipients'4"~1%,
albeit the ability of MRI to distinguish the aetiology of transplant dysfunction remains to be
proven!#!. If validated, functional renal MRI could improve the management of renal

transplant recipients by reducing risk exposure and increasing diagnostic accuracy'>'.

1.7.1 Renal Native T1

The native T1 time (ms), which represents the constant for longitudinal re-magnetisation of
protons following a pulsed MRI signal, can be applied to the renal parenchyma much as it is
the myocardium (Figure 1.6). Renal T1 mapping will be affected by fibrosis, oedema and
inflammation, with lower signal in tissues with increasing water content. Accordingly, T1
values (ms) can inform as to the microstructure of the renal parenchyma, with increasing T1
values seen in the presence of fibrosis!*®. In patients with CKD, cortical and medullary T1

values are significantly higher compared to healthy controls!®”-!32,
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Figure 1.6 - Representative image of native T1 mapping of a transplant kidney.

1.7.1 Diffusion Weighted Imaging

Diffusion weighted imaging (DWI) assesses the diffusibility of water within an individual
voxel, which can be quantified by the apparent diffusion coefficient (ADC) (mm?/s) (Figure

1.7). ADC values are reduced in patients with CKD compared to controls!**»!>*, In renal

155,156
>

transplant recipients, ADC differs between transplant patients and healthy controls and

has been shown to correlate with renal function'>”-'>8,

Figure 1.7 - Representative image of diffusion weighted imaging (DWI) of a transplant
kidney.
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1.7.2 Diffusion Tensor Imaging

Diffusion tensor imaging (DTI), measures molecular motility of water molecules in a similar
way to DWI but with additional assessment of directionality in order to produce a fractional
anisotropy map (Figure 1.8). DTI is thought to be a measurement of organ ‘stiffness’'*® and
can therefore infer information regarding renal transplant scarring and fibrosis. In one study
of 40 renal transplant recipients, DTI displayed a high accuracy for discriminating good from
poor renal function!*®, The combination of DWI and DTI has been studied and was found to
be able to detect delayed graft function in 33 renal transplant recipients and correlated closely

with fibrosis'®.

Figure 1.8 - Representative image of diffusion tensor imaging (DTI) of a transplant kidney.

1.7.1 Blood oxygen level dependent Imaging

Blood oxygen dependent imaging (BOLD) utilises the magnetic properties of
deoxyhaemoglobin to quantify intra-renal tissue oxygen bioavailability (Figure 1.9).
Deoxyhaemoglobin results in an increase in R2* signal on MRI. R2* (s™!) is 1/T2* where T2*
is the observed, rather than the natural (i.e. T2), transverse time constant (ms). BOLD on

renal MRI is highly reproducible'®!-162

and has been shown to differentiate patients with
chronic kidney disease from controls with normal renal function'>*!>>. In transplant
populations, BOLD has been shown to differentiate acute rejection from normal functioning

transplants and those with acute tubular necrosis'*%163-163,
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Figure 1.9 — Representative image of blood oxygen level dependent (BOLD) imaging of a

transplant kidney.

1.7.2 Arterial-spin labelling

Arterial spin labelling (ASL) MRI is a non-invasive method of measuring renal perfusion
(ml/100g/min) using magnetised blood as endogenous contrast (Figure 1.10). ASL has been
shown to be reproducible and extensively studied in healthy volunteers and patients with

171-174
2

CKD!52166-170 Eyrthermore, ASL has been studied in renal transplant populations and

has been shown to differentiate good/moderate transplant function from poor transplant

function!’?.

Figure 1.10 - Representative image of arterial-spin labelling (ASL) imaging of a transplant

kidney.
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1.7.3 Multiparametric renal MRI protocols

While each of the individual MRI sequences discussed above have a potential clinical utility,
the greatest benefit of renal MRI is likely to be a multiparametric approach, where a number
of sequences are employed in a single imaging session. Given the likely complex relationship
between the MRI signals and renal pathology, it is possible that deriving a composite
‘fingerprint’ from all sequences will be the optimal method of characterizing renal disease
from imaging findings. This multiparametric approach is being increasingly adopted in
CKD'" and transplant research studies'”-14>15° but further clinical and histo-pathological

correlation is required.
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Chapter 2 — Methods and research questions

2.1 Justification for thesis in journal format

The distinct research studies included in this thesis are linked by the over-arching theme of
functional MRI in patients with kidney failure. Accordingly, compilation of separate
scientific publications into one thesis is justified. Furthermore, the majority of research in this
thesis has already been published and so reproduction without correct acknowledgement

would risk copyright infringement.

A prospective declaration stating the intention to use the cardiovascular studies as a whole is
archived in The Chief Scientist Office (Scotland) clinical academic fellowship website

(available at https://www.cso.scot.nhs.uk/outputs/cso-funded-research/cat/) and in the

prospectively registered entry on clinicaltrials.gov (Clinical Trials.gov Identifier:

NCT03704701; https://clinicaltrials.gov/ct2/show/NCT03704701).

The addition of the functional renal MRI studies to this thesis was a logical scientific
progression given the similarities in MRI techniques and patient populations, but was not
formally added to this thesis plan until it was certain that the cardiovascular studies would be

achievable, thus fulfilling my commitment with respect my funded fellowship (CAF/18/02).

All research included in this thesis was undertaken while registered as post-graduate research

student at the University of Glasgow.

Patients with kidney failure are dependent on kidney replacement therapies to maintain life.
All forms of kidney replacement therapy bring risk of complications. For those on dialysis,
the incumbent cardiovascular risk is the primary driver of excess mortality for which there is
no effective treatment (aside from kidney transplantation). Accordingly, we chose to study
the cardiovascular phenotype of patients on dialysis in the hope to better understand,
prognosticate and diagnose cardiovascular disease in kidney failure. For those patients with
kidney failure who are fortunate enough to receive a kidney transplant, the finite life span of

that transplant is a major concern. Existing strategies to investigate transplant dysfunction
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rely heavily on invasive kidney biopsy. We chose to translate our experience in
cardiovascular MRI, to see if we could use functional renal MRI to non-invasively assess
kidney transplant dysfunction, with the hope that in the future it may be possible to more

readily, reliably, and non-invasively investigate patients with declining transplant function.

2.2 Research questions

This thesis addresses the following research questions:

Cardiovascular imaging in patients with kidney failure on dialysis:

1) Is left-ventricular global longitudinal strain (LV-GLS), as measured on cardiovascular

MR, a predictor of all-cause mortality in patients on dialysis? (Chapter 3)
2) Is native T1 mapping on cardiovascular MRI affected by altering fluid status with
ultrafiltration on dialysis, and therefore can it be used as a non-invasive measure of

myocardial fibrosis in kidney failure? (Chapter 4)

3) Can vascular calcification be measured using a new MRI technique (radial-VIBE) with

close affinity to the gold-standard CT techniques? (Chapter 5)

4) Can contrast-enhanced CT be used as a novel approach for identifying myocardial
fibrosis with correlation between extra-cellular volume on CT (ECV-CT) and native T1
mapping measured on cardiovascular MRI? (Chapter 6)

Renal MRI in patients with kidney failure who have a kidney transplant:

5) What is the inter-observer reproducibility of different regions of interest used in renal

MRI analysis? (Chapter 7)

6) Do functional renal MRI sequences correlate with histological markers of fibrosis and

inflammation in kidney transplant recipients with transplant dysfunction? (Chapter 8)
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2.3 Materials and methods

A separate scientific manuscript is included addressing each of the aforementioned research
questions. Detailed description of the methods, including statistical analysis plan, for each

study is included in each manuscript.

The data reported in Chapter 3 was retrospectively collated and re-analysed from previous
research studies. The prospective studies described in Chapters 4 (n=26) and 6 (n=23)
utilised the same participant cohort. These participants were recruited by me during the
research period for this thesis. Data from the 26 participants in Chapter 4 were combined with
another study cohort for the analysis described in Chapter 5. Chapter 7 utilised participant
data from previously performed research studies within our centre. The participants reported

in Chapter 8 were recruited by me as part of the work for this thesis.

2.4 Confirmation from publisher to reproduce published manuscripts

Four published manuscripts are included in their entirety in this thesis. All 4 manuscripts
were distributed Open Access under Creative Commons CC BY license which permits
“unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited” (https://creativecommons.org/licenses/). Two additional draft manuscripts

have been included which describe provisional results and have not been submitted for

publication in their current form and are therefore not subject to copyright restrictions.
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Chapter 3 - Global longitudinal strain by feature-tracking
cardiovascular magnetic resonance imaging predicts mortality in

patients with end-stage kidney disease. Clin Kidney J (2021)

3.1 Manuscript

Alastair J Rankin, Luke Zhu, Kenneth Mangion, Elaine Rutherford, Keith A Gillis, Jennifer S
Lees, Rosie Woodward, Rajan K Patel, Colin Berry, Giles Roditi, Patrick B Mark, Global
longitudinal strain by feature-tracking cardiovascular magnetic resonance imaging predicts
mortality in patients with end-stage kidney disease, Clinical Kidney Journal, Volume 14,

Issue 10, October 2021, Pages 2187-2196, https://doi.org/10.1093/ckj/sfab020
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Abstract

Background: Patients with end-stage kidney disease (ESKD) are at increased risk premature
death, with cardiovascular disease being the predominant mode of death. We hypothesized
that left ventricular global longitudinal strain (LV-GLS) measured by feature tracking
cardiovascular magnetic resonance imaging (CMR) would be associated with all-cause

mortality in patients with ESKD.

Methods: A pooled analysis of CMR studies in patients with ESKD acquired within a single
centre between 2002 and 2016 was carried out. CMR parameters including left ventricular
ejection fraction (LVEF), LV mass index (LVMI), left atrial emptying fraction (LAEF) and
LV-GLS were measured. We tested independent associations of CMR parameters with

survival using a multivariable Cox model.

Results: Among 215 patients (mean age: 54 years, 62% male), mortality was 53% over 5.0
years median follow-up. The median LVEF was 64.7% (IQR 58.5, 70.0) and median LV-
GLS was -15.3% (-17.24, -13.6). While 90% of patients had preserved LVEF (>50%), 58%
of this group had abnormal LVGLS (>-16%). On multivariable Cox regression, age (HR:
1.04, 95%CI: 1.02-1.05), future-renal transplant (HR 0.29 95%CI: 0.17-0.47), LAEF (HR:
0.98, 95%CI: 0.96-1.00) and LV-GLS (HR: 1.08, 95%CI: 1.01-1.16) were independently

associated with mortality.

Conclusions: In this cohort of patients with ESKD, LV-GLS on feature tracking CMR and
LAEF were associated with all-cause mortality, independent of baseline clinical variables and
future renal transplantation. This effect was present even when >90% of the cohort had
normal left ventricular ejection fraction (LVEF). Using LV-GLS, instead of LVEF, to
diagnose cardiac dysfunction in patients with ESKD could result in a major advance in our

understanding of cardiovascular disease in ESKD.

Keywords: ESKD, cardiovascular, Survival analysis, chronic renal failure, magnetic

resonance imaging, left ventricular hypertrophy
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What is already known?

Left ventricular global longitudinal strain (LV-GLS) measures percentage muscle
deformation during the cardiac cycle as a sensitive marker of myocardial function.
LV-GLS measured on echocardiography is known to associate with mortality in patients
with end-stage kidney disease (ESKD). The association of LV-GLS on cardiovascular MRI

and survival has not been studied in patients with ESKD.

What this study adds?

LV-GLS on cardiovascular MRI was associated with all-cause mortality, independent of
baseline clinical variables and future renal transplantation.

This effect was present even when >90% of the cohort had normal left ventricular ejection
fraction (LVEF).

The survival benefit of renal transplantation was evident even in the quartile of participants

with the most severely impaired LV-GLS.

What impact will this have?

Using LV-GLS, instead of LVEEF, to diagnose cardiac dysfunction in patients with ESKD
could result in a major advance in our understanding of cardiovascular disease and
prognosis in ESKD

LV-GLS in isolation is unlikely to be helpful when assessing an individual’s suitability for
renal transplantation.

Further studies exploring cardiovascular therapeutics in patients with ESKD who have

impaired LV-GLS are warranted.
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Introduction

Patients with chronic kidney disease (CKD) are at increased risk of death from all-causes
compared to the general population !”>. The majority of this increased risk is due to
cardiovascular disease **. While ischaemic heart disease is the most common form of
cardiovascular disease in the general population, patients with CKD have relatively fewer
atherosclerotic events but a disproportionate increase in the risk of sudden cardiac death and
death from arrhythmogenic causes *’. This risk increases with severity of CKD *?, such that
patients with CKD stage 5 are 3-4 times more likely to experience a cardiovascular event
than age-standardized patients without CKD . This excess cardiovascular risk is intrinsically
linked to cardiac structural and functional abnormalities, which start to develop early in CKD
176 These include left ventricular hypertrophy (LVH), cardiac dysfunction and myocardial
fibrosis, which together are sometimes referred to as a ‘uraemic cardiomyopathy’ 43¢, The
utility of cardiac magnetic resonance (CMR) imaging to detect these abnormalities has been
an area of growing interest and CMR may prove to be a useful tool in the development of

non-invasive novel biomarkers for future risk-stratification 413,

Left ventricular global longitudinal strain (LV-GLS) measures percentage muscle
deformation during the cardiac cycle as a sensitive marker of myocardial function '%. Feature
tracking CMR is a non-contrast post-processing technique that derives LV-GLS by tracking
endo- and epicardial borders through successive images from routinely acquired cine CMR
sequences '*°. Normal values for LV-GLS measured by feature tracking CMR are
approximately -20 +/- 4%'7"17°_ LV-GLS has been shown to be a strong correlate of
mortality and clinical outcomes in patients with myocardial infarction '%°, and improvements
in LV-GLS have been reported following renal transplantation '8!, In patients with CKD,
utilizing echocardiography, GLS has been reported to predict clinical outcomes *!. However,
CMR is considered the gold standard imaging modality in end-stage kidney disease (ESKD),
as fluctations in volume status with renal replacement therapy may have an undue influence

on images obtained in a two-dimensional plane.'!?

We hypothesised that LV-GLS on feature tracking CMR has incremental prognostic utility
over clinical and conventional imaging parameters for predicting all-cause mortality in

patients with ESKD.
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Materials and Methods

Participants

CMRs from research studies carried out in participants with ESKD within a regional renal
and transplant centre between 2002 and 2016 were pooled. Patients for whom CMR images
were available and who had consented for long term data follow-up were eligible for
inclusion. All participants had CKD stage 5 (¢GFR <15 ml/min/1.73m?) and were receiving,
or estimated to be within 6 months of requiring, renal replacement therapy. Further details of
the cohorts are described elsewhere (ClinicallTrials.gov ID NCT01951404)!16:182.183,
Participants provided written informed consent and regional ethics committee approval was

granted; the study was conducted in agreement with the Declaration of Helsinki.

Clinical data were manually collected via the West of Scotland Electronic Renal Patient
Record database (Vitalpulse, Chelmsford, UK) by members of the team blinded to other
aspects of the study. Baseline clinical variables included demographic characteristics and
medical history. The primary outcome was all-cause mortality. The secondary outcome was
cardiovascular mortality defined as death due to myocardial infarction, heart failure, sudden

cardiac death, stroke and peripheral vascular disease '3,

CMR Image Acquisition

CMR acquisition was performed using 1.5 Tesla (T) (Sonata, Siemens Erlangen, Germany)
and 3T MRI scanners (Magnetom Verio and Prisma, Siemens Erlangen, Germany). For
patients on haemodialysis, the scans were performed 24 hours following the end of their
dialysis session. Imaging protocols were similar in all studies and were as described
previously 116132183 T short, electrocardiograph-gating was used and the images were
acquired in end-expiration. Following the acquisition of localiser images, balanced steady
state free precession sequences were used to acquire left ventricular cines in three long axis
planes, followed by a short axis stack from the apex to the atrio-ventricular ring. Additional

details are available in supplementary materials S1.
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Supplementary material table S1. Imaging acquisition parameters for 1.5T and 3T

1.5T 3T
TR (ms) 471 414
TE (ms) 1.6 1.51
Flip angle (°) 60 40
Field of view (mm*mm) 340 x 340 340 x 272
Slice thickness (mm) 8 8
Slice gap (mm) 2 2
Voxel size (mm?3) 22x1.3x8.0 1.5x1.3x8.0
Phases (minimum) 15 25

CMR Image Analysis

All data analysis was carried out in a core lab, utilizing dedicated CMR software (cvi42
software (version 5.10, Circle Cardiovascular, Canada)). Routinely analysed CMR measures
of left ventricular (LV) and right ventricular (RV) function were carried out according to
current guidelines ', with parameters of myocardial mass and ventricular volumes derived
from the short-axis views and indexed to body surface area. Ventricular endocardial and
epicardial contours were manually drawn at end-diastole. Left ventricular endocardial
contours were drawn at end-systole, which was deemed to be the phase with the smallest
blood pool cavity. Papillary muscles were excluded from myocardial mass and included in
volumes. For the purposes of strain measurements, the manually drawn ventricular contours
were propagated throughout the cardiac cycle using the software’s machine-learning
algorithms. Automated contours were individually checked and corrected, where necessary.
Global left ventricular strain (circumferential, longitudinal, and radial) and global right
ventricular strain (longitudinal and radial) were derived using the tissue tracking module to
derive values of peak strain and strain graphs following the manufacturer’s advised standard
protocols (Figure 3.1). Atrial volumes were indexed to body surface area and derived from
automated contours, with manual correction as needed. Left atrial emptying fraction (LAEF)
was calculated as the percentage difference between maximal and minimal left atrial volume
divided by maximal atrial volume. The primary observer (LYZ) performed all CMR analyses
in a random order. A second independent observer (AJR) analysed a random sample of
>10% of the cohort to assess inter-observer variability. Both observers were blinded to

clinical outcomes.
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Figure 3.1 — Representative images of global longitudinal strain on cardiovascular MRI

Representative images showing 2D global longitudinal strain derivation using Cvi42 software
(version 5.10, Circle Cardiovascular, Canada). Panels show horizontal long axis view at
diastole (A) and systole (B) and vertical long axis views at diastole (C) and systole (D) and
the resultant curve displaying peak global longitudinal strain (%) by time (milliseconds) (E).

O 0 A0 0 40 S0 &0 70 0

Time {ms)

Lengltudinal strain (%)

Statistical Analysis

Continuous data with a normal distribution are presented as mean + standard deviation (SD),
and median and interquartile range (IQR) for skewed data, with normality defined according
to Shapiro-Wilk test. Exploratory analyses using independent Student’s t-tests, Mann
Whitney U test, and Pearson’s Chi-squared test, as appropriate, were performed on baseline
variables of clinical significance. Kruskal-Wallis test was used to compare LV-GLS by year
of scan. Univariable Cox proportional hazards analysis was performed to identify CMR
variables associated with outcome. Parameters that were significantly associated with
outcome were then entered into a model including pre-specified baseline clinical variables of
age, sex, diabetes, heart failure, and previous myocardial infarction. Future renal
transplantation was added to the model as a time-dependant covariate. The proportional
hazards assumption was tested for continuous variables using Schoenfeld’s residuals and
deemed satisfied when the p value was >0.05. A backwards stepwise regression model using

Wald’s statistic was performed with an exclusion threshold of p > 0.1. An assessment of
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model fit was not performed due to the necessary inclusion of future renal transplantation as a
time-dependent covariate. CMR variables of independent significance in the multivariable
model were divided into quartiles and compared using Kaplan-Meier survival analysis and
the log-rank test, including sub-group analyses based on future renal transplantation. Intra-
and interobserver variability was assessed by the intra-class correlation (ICC) coefficient
(two-way mixed effect, average measures). Receiver-operator curve analysis was used to
identify an optimal prognostic threshold for LV-GLS. Statistical analysis was performed
using SPSS (version 26, IBM Corp, New York).

Results

Participant characteristics

A total of 215 patients were included (144 of whom were being considered for renal

transplant!!6-183

, and 71 incident dialysis patients without overt heart failure (33 from
Rutherford et al %2 and 38 locally acquired baseline scans from a recent trial of allopurinol
therapy in dialysis patients (ClinicallTrials.gov ID NCT01951404)). There was no difference
in survival or LV-GLS by year of scan (log rank test p=0.99, and Kruskal Wallis test H=2.77,

p=0.60, respectively).

In total, 133 (62%) were male and mean age was 54.0 + 12.1 years (Table 3.1). The majority
of participants were white (200; 93%), with 11 Asian, 3 black and 1 other. At the time of
scanning, 181 (84%) patients were receiving renal replacement therapy, of whom 8 (4%) had
a functioning renal transplant (median eGFR 10.5 (IQR 9.1 - 13.3) ml/min/1.73m?). The
remaining 34 (16%) patients had CKD stage 5 with median eGFR 10.4 (IQR 8.6 - 12.8)
ml/min/1.73m?. During a median follow-up of 5.0 years (range 1 day — 16.9 years), there
were 115 deaths (53%). Specific cause of death was available for 96 (83%) patients and
included 34 (35%) due to infection, 33 (34%) cardiovascular (22 cardiac, 9 peripheral
vascular disease, 4 stroke), 13 (14%) cancer, 7 (7%) withdrawal of dialysis, and 9 (9%) other
causes. Participants who survived were younger (51.6 +/- 11.7 versus 56.2 +/-12.2 years, p =
0.005), with similar sex distribution and body mass index (Table 3.1). Deceased patients were
significantly more likely to have diabetes at baseline (37% vs 22%, p = 0.014), however
history of cardiac disease including myocardial infarction and heart failure were similar

(Table 3.1).
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Table 3.1 — Baseline Demographics

ALL Alive Dead P-value

N= 215 n =100 n=115
Age, years (mean (SD)) 54 (+/- 12) 51.2 (+/-11.7) 56.2 (+/- 12.2) 0.005
Gender, male (n (%)) 133 (62%) 62 (62%) 71 (62%) 0.97
Body mass index (median, 25.6 (22.4-30.1 25.0 (22.2-29.2)  26.6 (22.4-31.6) 0.06
(IQR)), kg/m?
Diabetes Mellitus (n, (%)) 65 (30%) 22 (22%) 43 (37%) 0.01
Previous myocardial infarction 32 (15%) 14 (14%) 18 (16%) 0.73
(n (%))
Heart failure (n, (%)) 2 (1%) 1(1%) 1(1%) 0.92
Primary Renal Diagnosis
N, (%)
Diabetes Mellitus 48 (22%) 15 (15%) 33 (27%)
Glomerulonephritis 44 (20%) 25 (25%) 19 (17%)
Hypertension / Renal vascular 18 (8%) 8 (8%) 10 (9%)
disease
Polycystic kidney disease 23 (11%) 13 (13%) 10 (9%)
Pyelonephritis 19 (9%) 9 (9%) 10 (9%)
Unknown 32 (15%) 18 (18%) 14 (12%)
Other (defined) 31 (14%) 12 (12%) 19 (17%) 0.01
CKD status at time of CMR
N, (%)
Haemodialysis 136 (63%) 72 (72%) 64 (56%)
Peritoneal dialysis 37 (17%) 8 (8%) 29 (25%)
Functioning transplant 8 (4%) 5 (5%) 3 (3%)
CKD stage 5 (pre-dialysis) 34 (16%) 15 (15%) 19 (17%)
Previous renal transplant (non- 26 (12%) 15 (15%) 11 (10%) 0.04
functioning)
RRT vintage at time of CMR 1.7 (0.6-4.6) 2.1 (0.6-5.3) 1.3 (0.6-4.3) 0.37
(median, years (IQR))

Presented as: mean +/- standard deviation (SD), or median and interquartile range (IQR).
Abbreviations: CKD = chronic kidney disease; CMR = Cardiovascular magnetic resonance

imaging; RRT = renal replacement therapy
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Table 3.2 summarises the CMR results for the cohort. Seven patients had reduced left
ventricular ejection fraction (LVEF) <40%, while a further 14 patients had mid-range ejection
fraction between 40-49%, as defined by the 2016 European Society of Cardiology guidelines
186187 One hundred twelve patients with preserved LVEF >50% had abnormal LV-GLS when
defined as >-16.0% '”. Intra-and inter observer reproducibility were excellent for left atrial
(LA), right atrial (RA) and LV parameters (ICC >0.92) and moderate for RV parameters (ICC
0.57-0.74) (Supplementary material table S2) '8,

CMR parameters and All-cause Mortality

On univariable analysis with each variable entered separately, LV-GLS, LV-GRS, RV-GLS,
RV-GRS, minimum left atrial volume and LAEF were significantly associated with all-cause
mortality (Table 3.3). A multivariable model was created of these variables combined with
the pre-specified clinical variables of gender, age, diabetes, heart failure, previous MI and
future renal transplant. Following backwards stepwise elimination, LV-GLS and LAEF were
the only CMR parameters that remained independently associated with mortality, in
combination with gender, age, and future renal transplantation (Table 3.3). All other variables

were excluded.
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Table 3.2 — Cardiovascular MRI characteristics

ALL Alive Dead p-value
n=215 n=100 n=115
Median 1QR Median IQR Median IQR
LVMI (g/m?) 70.2 56.4, 84.8
LV-EDVI (mli/m?)  82.7 67.3, 101.2
LV-ESVI (mi/m?)  28.8 21.0, 39.3
LVM/LV-EDV 0.83 0.71,0.95
(g/ml)
LVEF (%) 64.7 58.5, 70.0
LV-GLS (%) -15.3 -17.24, -13.6
LV-GRS (%) 24.9 21.1, 29.6
LV-GCS (%) -16.0 -17.8,-13.8
RV-GLS (%) -21.1 211, -17.7 -22.1 -18.39,-20.7  -20.7 -23.3,-16.5 0.008
RV-GRS (%) 44.2 34.4, 56.0 48.7 36.0, 60.8, 42.8 33.1, 53.7 0.05
LAVI min (ml/ m?)  14.0 9.9, 20.6 13.1 8.8,18.4 15.0 11.2, 231 0.002
LAVI max (ml/m?) 33.6 26.1,45.9
LAEF (%) 57.5 50.1, 65.1 62.6 55.8, 67.6 54.3 471, 60.7 0.001
RAVI min (ml/ m?) 16.7 11.9, 22.8
RAVI max (ml/ 33.5 26.7,43.0
m?)
RAEF (%) 48.3 41.3,58.3

Presented as median and interquartile range (IQR). P-value refers to Mann-Whitney U test comparing baseline cardiovascular MRI parameters for

alive versus dead. For simplicity, only those variables for which a statistically significant difference with a p value <0.05 are presented.



Abbreviations:

LVMI = left ventricular mass index

LV-EDVI = left ventricular end diastolic volume index
LV-ESVI = left ventricular end systolic volume index
LVM/LVEDV = ratio of left ventricular mass to left ventricular end diastolic volume
LVEF = left ventricular ejection fraction

LV-GLS = left ventricular global longitudinal strain
LV-GRS = left ventricular global radial strain
LV-GCS = left ventricular global circumferential strain
RV-GLS = right ventricular global longitudinal strain
RV-GRS = right ventricular global radial strain

LAVI min = minimum left atrial volume index

LAVI max = maximum left atrial volume index

LAEF = left atrial emptying fraction

RAVI min = minimum right atrial volume index

RAVI max = maximum right atrial volume index

RAEF = right atrial ejection fraction
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Supplementary material table S2: Intra- and inter-observer reproducibility for
cardiovascular MRI (CMR) parameters as assessed by the intraclass correlation coefficient

(ICC) (two-way mixed effect, average measures).

CMR parameter Intra-observer ICC Inter-observer ICC
Myocardial mass (g) 0.99 0.99
LV end diastolic volume (ml) 0.99 0.99
LV end systolic volume (ml) 0.99 0.99
LV ejection fraction (%) 0.96 0.94
LV global longitudinal strain (%) 0.93 0.95
LV global circumferential strain (%) | 0.99 0.96
LV global radial strain (%) 0.93 0.95
RV global longitudinal strain (%) 0.66 0.57
RV global radial strain (%) 0.68 0.71
minimum LA volume (ml) 0.99 0.99
maximum LA volume (ml) 0.99 0.99
minimum RA volume (ml) 0.99 0.98
maximum RA volume (ml) 0.98 0.98
Abbreviations:

LV = left ventricular
LA = left atrial
RA = right atrial

RV = right ventricular



Table 3.3 — Association between clinical and CMR parameters and all-cause mortality (Cox

Proportional Hazards Model).

Univariable Multivariable

HR Cl P-value HR Cl P-value
Sex 1.14 0.79-1.67 | 0.48 1.43 0.95-2.17 | 0.09
(female)
Age 1.04 1.02-1.06 | <0.001 1.04 1.02-1.05 | <0.001
Diabetes 1.43 0.98-2.08 | 0.07
Heart 0.83 0.11-5.78 | 0.83
failure
Previous 1.23 0.75-2.04 | 0.41
myocardial
infarction
Future 0.23 0.14-0.38 | <0.001 0.29 0.17-0.47 | <0.001
renal
transplant*
LVMI 1.00 0.99-1.01 0.30
(g/m?)
LVEDVI 1.00 1.00-1.001 | 0.47
(ml/m?)
LVESVI 1.01 1.00-1.02 | 0.11
(ml/m?)
LVM/LVE | 1.25 0.49-3.21 0.65
DV (g/ml)
LVEF (%) | 0.99 0.97-1.01 0.18
LVGLS 1.10 1.03-1.16 | 0.003 1.08 1.01-1.16 | 0.03
(%)
LVGRS 0.97 0.94-0.99 | 0.03
(%)
LVGCS 1.02 0.96-1.08 | 0.49
(%)
RVGLS 1.05 1.01-1.08 | 0.007
(%)
RVGRS 0.99 0.98-1.00 | 0.02
(%)
LAVI min| 1.03 1.01-1.04 | 0.002
(m)
LAVI max | 1.01 1.00-1.02 | 0.15
(ml)
LAEF (%) | 0.97 0.95-0.99 | 0.001 0.98 0.96-1.00 | 0.03
RAVI min | 1.01 1.00-1.03 | 0.13
(m)
RAVI max | 1.01 1.00-1.02 | 0.16
(ml)
RAEF (%) | 1.00 0.99-1.02 | 0.75

*time dependent covariate
The multivariable model was created using pre-specified clinical variables including sex, age,

diabetes mellitus, previous myocardial infarction, heart failure and future renal
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transplantation, combined with CMR parameters that significantly associated with mortality
on univariable analysis. Backwards stepwise elimination (Wald’s) was used to select the

optimal variables in the final model displayed here.

Abbreviations:

LVMI = left ventricular mass index

LV-EDVI = left ventricular end diastolic volume index
LV-ESVI = left ventricular end systolic volume index
LVM/LVEDV = ratio of left ventricular mass to left ventricular end diastolic volume
LVEF = left ventricular ejection fraction

LV-GLS = left ventricular global longitudinal strain
LV-GRS = left ventricular global radial strain
LV-GCS = left ventricular global circumferential strain
RV-GLS = right ventricular global longitudinal strain
RV-GRS = right ventricular global radial strain

LAVI min = minimum left atrial volume index

LAVI max = maximum left atrial volume index

LAEF = left atrial emptying fraction

RAVI min = minimum right atrial volume index

RAVI max = maximum right atrial volume index

RAEF = right atrial ejection fraction

Patients were divided into quartiles according to LV-GLS and LAEF. The quartiles for LV-
GLS are as follows: first quartile <-17.24% (best), second quartile -17.25% to -15.28%, third
quartile -15.29 to -13.62%, fourth quartile > -13.61% (worst). The quartiles for LAEF were:
first quartile <50.12 % (worst), second quartile 50.13-57.30%, third quartile 57.31-64.94%,
and fourth quartile >64.94% (best). Compared to the best quartile of LV-GLS, participants in
the worst quartile had significantly poorer outcomes (p=0.03, Figure 3.2), with no difference
between the other quartiles. Similarly, the first quartile of LAEF had significantly worse
survival compared to participants in the 3™ and 4th quartiles of LAEF (Figure 3.2, p= 0.003
and 0.03).
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Figure 3.2 — Kaplan-Meier Curves of All-Cause Mortality by quartiles of: A) peak left
ventricular global longitudinal strain (LV-GLS) (%), B) left atrial emptying fraction (LAEF)
(%).

Compared to the best quartile of LV-GLS, participants in the worst quartile had significantly
poorer outcomes (log rank test p=0.03) with no difference between the other quartiles, For
LAEF, the first quartile had significantly worse survival compared to participants in the 3™

and 4th quartiles (log rank test p=0.003 and 0.03, respectively).
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On receiver-operator curve (ROC) analysis, there was no single threshold of LV-GLS with
meaningful prognostic value for all-cause mortality. When 1 -year mortality was examined,
the area under the curve (AUC) for LV-GLS was 0.71 from which a LV-GLS cut-off of -
14.1% would yield 77% sensitivity and 67% specificity. However, when 2-year mortality was
examined the AUC fell to 0.52.

LV-GLS differed by sex within the cohort, with females having greater contractility than
males (median GLS -16.17% (females) vs -14.52% (males); Mann-Whitney U test p<0.001).
There was no difference in mortality by sex (log rank p=0.48). When only female patients
were studied, LV-GLS was significantly associated with all-cause mortality (HR 1.21 (1.08-
1.35, p=0.001) but the association was not detected when only male patients were studied
(HR 1.08 (-.99-1.18, p=0.09)). There was no difference in LAEF by sex (Mann Whitney U
test p=0.15).
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CMR parameters and Cardiovascular mortality

With regards the secondary outcome of cardiovascular mortality, LV-GLS (HR 1.17 (95%
CI: 1.00-1.25)) and LAEF (HR 0.949 (95% CI: 0.92-0.98)) were the only CMR parameters
that significantly associated with outcome on univariable analysis. Following backwards
elimination, LAEF was the only CMR parameter that remained significantly associated with
cardiovascular mortality in the multivariable model containing age: HR 1.08 (95% CI: 1.04-
1.12); diabetes: HR 2.30 (95% CI: 1.12-4.71); future renal transplant: HR 0.35 (95% CI:
0.13-0.95); LAEF: HR 0.96 (95% CI: 0.93-0.99).

CMR parameters and future Renal Transplantation

A total of 106 (49%) of patients received a renal transplant during the follow-up. Of these, 33
patients died. Patients who received a transplant had lower median LV-GLS than those who
did not (-15.63% (-17.32 - -14.18) compared to -14.88% (-16.82- -13.08) p=0.04). There was
no difference in LAEF between those who did and did not receive a future renal transplant
(p=0.10). The survival benefit of renal transplantation was evident on Kaplan-Meier survival
analysis across all quartiles of LV-GLS and LAEF (Figure 3.3 and Supplementary Material
Figure S3).
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Figure 3.3 — Kaplan-Meier curves of all-cause mortality comparing participants who did and

did not receive a renal transplant during follow-up for each quartile of left ventricular global

longitudinal strain (LV-GLS).

Survival benefit of renal transplantation was most marked in those in the best quartile of LV-

GLS but was still significant in participants within the worst quartile of LV-GLS (log rank

test p<0.001 for all groups).
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Supplementary Material S3 — Kaplan-Meier curves of all-cause mortality comparing
participants who did and did not receive a renal transplant during follow-up for each quartile
of left atrial emptying fraction (LAEF)). Survival benefit of renal transplantation was present,

and of similar magnitude, across all quartiles of LAEF (log rank test p<0.001).
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Discussion

This large, retrospective study of CMR in patients with ESKD found that LV-GLS by feature
tracking CMR and LAEF have significant association with all-cause mortality, independent

of baseline clinical variables and future renal transplantation. Importantly, these associations
were present even when the majority of the cohort had normal cardiac function as defined by

traditional parameters (i.e. LVEF).

Benefits of Using Feature Tracking CMR for Strain Analysis

CMR is the gold standard for the assessment of cardiac volumes and mass in patients with
renal failure !'*!°_ Although strain imaging by echocardiography is likely to be more
accessible, it can be limited by poor availability of acoustic windows, image quality,
expertise required and inter-operator variability. Fluid shifts associated with dialysis may
further impair the accuracy and reliability of this measure. The ability to quantity LV-GLS
accurately and quickly using CMR supports the superiority of CMR over echocardiography.
Feature tracking is a technique that measures strain using routinely acquired steady state free
procession (SSFP) sequences and obviates the need for acquisition of bespoke CMR strain
sequences such as myocardial tagging. Feature tracking strain has been validated against

myocardial tagging 189,190

with the additional advantage that it is able to generate this data in
less than a quarter of the time needed by tagging. We believe feature tracking CMR is at the
intersection of accuracy and ease of acquisition and have demonstrated its utility in this

cohort.

Global Longitudinal Strain as a Predictor of Mortality and Cardiac Dysfunction

In patients with CKD, LV-GLS measured by echocardiography has consistently been shown
to be an independent predictor of mortality. Associations have been demonstrated in patients
with CKD stage 3B-5D 2!, CKD stage 4-5D "', and patients on dialysis '*2. LV-GLS has
theoretical advantages over LVEF for the assessment of cardiac function in patients with
CKD: reduced LVEF has been shown to occur late in the development of the uraemic

cardiomyopathy !°2

, a finding that is supported by the high prevalence of heart failure with
preserved ejection fraction in ESKD populations '*. This is likely explained by the

differential aspects of myocardial function that the 2 techniques measure. While LVEF
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simply assesses the difference in volume at end diastole and systole, LV-GLS assesses the
function of subendocardial fibres, which more directly correlates to the extent of interstitial
myocardial fibrosis '?2. In our study, 112 (58%) of 194 patients with preserved LVEF (>50%)
had abnormal LV-GLS when defined as >-16% (a threshold chosen based on the normal LV-
GLS in healthy subjects being -20% +/-4% '"7-1"°). This may partly explain the extreme
cardiovascular risk seen in ESKD populations, despite relatively low prevalence of heart
failure. Accordingly, there would be an argument to investigate cardiovascular therapeutics,
especially those with anti-fibrotic properties (such as mineralocorticoid receptor antagonists)
in patients with ESKD who have impaired LV-GLS. Mineralocorticoid receptor antagonists
have previously been studied in ESKD populations with no effect on LVMI but LV-GLS was
not assessed '**1%>_ Given the high prevalence of impaired LV-GLS in ESKD populations,
and the expected high frequency of events, we believe these trials would be of significant
interest. The difference in LV-GLS between men and women is well recognised !”°. Sex was
accounted for in the multivariable model which found LV-GLS to independently associated
with mortality, nevertheless our subgroup analysis suggests a greater prognostic ability of
LV-GLS in women, compared to men, and this requires further study. The lack of association
between LVEF and mortality in this cohort is likely explained by the low prevalence of
reduced LVEF resulting in reduced statistical power. This is partly due to the entry criteria of
the pooled studies which excluded patients with known severe left ventricular systolic
dysfunction. On the contrary, the fact that LV-GLS associated with mortality, even when the
vast majority of patients did not have heart failure, is striking. The lack of clear threshold of
LV-GLS in predicting mortality on the ROC analysis suggests that LV-GLS alone is unlikely
to be a useful prognostic tool, albeit there are numerous explanations for the lack of
association including the observed influence of renal transplantation on survival and the long

follow-up with high overall mortality.

Left Atrial Emptying Fraction as a Predictor of Mortality

LAEF was strongly correlated with mortality in our study on univariable and multivariable
analyses. This was an unexpected finding and LAEF has not been extensively studied within
this population. LAEF has been shown to associate with adverse cardiovascular events in the

197 and in patients with heart failure '**!°, Furthermore, there

general population %, elderly
is extensive evidence correlating left atrial volumes with mortality, including in patients on

haemodialysis '#32%, It is not clear if left atrial impairment is directly involved in the
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pathophysiology of the excess mortality, or if it is a surrogate marker, perhaps for volume

overload or left ventricular diastolic dysfunction 2°1-2%2,

CMR in the assessment of suitability for transplant

Renal transplantation, where appropriate, is the optimal treatment for patients with ESKD.
However, transplants are a limited resource and have potential to cause some patients net
harm due to the risks of surgery and long-term immunosuppression. Cardiovascular
assessment (albeit to varying degrees) is standard practice in pre-transplant assessment and is
recommended by international guidelines 2*>. However, the evidence supporting this practice
is scant and so it is becoming increasingly controversial **. We hypothesised that LV-GLS
on CMR may be helpful for cardiovascular risk assessment when considering renal transplant
suitability. LV-GLS significantly associated with mortality in the multivariable model, even
when future renal transplantation was accounted for. However, the overwhelming survival
benefit of renal transplantation was evident across all quartiles of LV-GLS (Figure 3.3),
suggesting that there is no LV-GLS too poor (or too good) for a patient to reap survival
benefit from a transplant, if not otherwise contraindicated. Regression of myocardial fibrosis
following kidney transplant may account for part of this improved survival *®2%. This
retrospective observation will be heavily biased due to selection bias and immortal time bias,
but as randomised controlled trials assessing this will never be ethically feasible, we feel the
present data are sufficient to say that LV-GLS is unlikely to be helpful when assessing the
majority of patients for transplant suitability. The utility of stress CMR protocol using GLS at
peak stress has not been investigated and advances in free breathing cine acquisitions might

make this feasible.

Limitations

This is a retrospective analysis of pooled studies, albeit at a single centre using consistent
imaging protocols. The cohort combines patients scanned at both 1.5T and 3T. While the
influence from field strength on LV-GLS is likely to be negligible 7, we accept there may be
a small, unquantified difference in cine parameters between the acquisitions from different
scanners. Inclusion from source studies was incomplete and unquantified for the studies
published in 2006 ''¢ and 2010 '** due to a combination of overlap in participants between the

2 studies and inability to retrieve some CMRs from archiving. The nature of the source
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studies has resulted in a younger than expected mean age (54 +/- 12 years) within this cohort
and an under-representation of older, prevalent dialysis patients. Further studies to confirm
our findings in different populations of patients with ESKD are required. It was not possible
to examine non-fatal cardiovascular outcomes as data from historic patients were insufficient
to allow reliable examination of cardiovascular events. The source data for our primary
outcome of all-cause mortality are robust, but the data on cause of death were incomplete
resulting in reduced power to examine of our secondary outcome of cardiovascular mortality.
Nevertheless, the weaker association between LV-GLS and cardiovascular mortality, as
opposed to all-cause mortality, is surprising given the cardio-centric nature of LV-GLS and
warrants further study. It is plausible that reduced functional myocardial reserve in ESKD
would impair the ability to recover from other critical illness, such as severe infection, but we
accept that any future interventional trials targeting LV-GLS as a surrogate marker would be
expected to address cardiovascular mortality and events. Previous studies examining LV-

121,191

GLS by echocardiography have found associations with all-cause mortality and

cardiovascular mortality ?>1°1 |

Conclusion

In this cohort of patients with ESKD, LV-GLS and LAEF were associated with all-cause
mortality, independent of baseline clinical variables and future renal transplantation.
Conversely, conventional imaging biomarkers, such as LVMI and LVEEF, did not associate
with mortality. Using LV-GLS, instead of LVEF, to diagnose cardiac dysfunction in patients
with ESKD could result in a major advance in our understanding of cardiovascular disease in
ESKD and may be a more relevant measure in this population. Despite this, the survival
benefit of renal transplantation was evident across all quartiles of LV-GLS, suggesting that in
the absence of other contraindications to renal transplant, LV-GLS is unlikely to be helpful
when assessing patients’ suitability for renal transplantation. Further studies are warranted to
explore the potential role of LV-GLS as a sample enrichment tool and surrogate outcome
measure in future clinical trials examining therapeutics to improve survival in patients with

ESKD.
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Abstract

Background: Mapping of native myocardial T1 is a promising non-invasive, non-contrast
imaging biomarker. Native myocardial T1 times are prolonged in patients requiring dialysis,
but there are concerns that the dialysis process and fluctuating fluid status may confound
results in this population. We aimed to assess the changes in cardiac parameters on 3T
cardiovascular magnetic resonance imaging (CMR) before and after haemodialysis, with a

specific focus on native T1 mapping.

Methods: This is a single centre, prospective observational study in which maintenance
haemodialysis patients underwent CMR before and after dialysis (both scans within 24
hours). Weight measurement, bio-impedance body composition monitoring, haemodialysis
details and fluid intake were recorded. CMR protocol included cine imaging and mapping

native T1 and T2.

Results: Twenty-six participants (16 male, mean age 65 +/- 9 years) were included in the
analysis. The median net ultrafiltration volume on dialysis was 2.3 L (IQR 1.8, 2.5), resulting
in a median weight reduction at post-dialysis scan of 1.35 kg (IQR 1.0, 1.9), with a median
reduction in over-hydration (as measured by bioimpedance) of 0.75 L (IQR 0.5, 1.4).
Significant reductions were observed in LV end-diastolic volume (-25.4 ml, p=0.002), LV
stroke volume (-13.3 ml, p=0.007), global T1 (21.3 ms, p=0.02), global T2 (-1.2 ms, p=0.02)
following dialysis. There was no change in LV mass (p=0.35), LV ejection fraction (LVEF)
(p=0.13) or global longitudinal strain (p=0.22). On linear regression there was no association
between baseline over-hydration (as defined by bioimpedance) and global T1 or global T2
times, nor was there an association between the change in over-hydration and the change in

these parameters.

Conclusions: Acute changes in cardiac volumes and myocardial native T1 times are
detectable on 3T CMR following haemodialysis with fluid removal. The reduction in global
T1 time suggests that the abnormal native T1 time observed in patients on haemodialysis is

not entirely due to myocardial fibrosis.

Keywords: End-stage kidney disease, haemodialysis, cardiovascular, magnetic resonance

imaging, left ventricular hypertrophy
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Introduction

Patients with chronic kidney disease (CKD) are at a greatly increased risk of cardiovascular
disease (CVD).*! This risk increases with severity of CKD,*? such that patients with CKD
stage 5 are 3-4 times more likely to experience a cardiovascular event than age-standardized
patients without CKD.* In patients with kidney disease requiring dialysis, CVD remains the
single most common cause of death accounting for between 25-40% of all deaths.**” CKD
results in a unique cardiovascular phenotype; with relatively fewer deaths due to
atherosclerotic processes and more due to sudden cardiac death and heart failure.*+#7->3
Cardiomyopathy of chronic kidney disease, often called ‘uraemic cardiomyopathy’, refers to
a specific pattern of myocardial fibrosis, left ventricular hypertrophy and diastolic
dysfunction, which is found in patients with CKD and forms the pathological basis for this

unique CVD phenotype.>*>°

Cardiac magnetic resonance imaging (CMR) is established as the reference method for
imaging uraemic cardiomyopathy.'!* Previous studies using gadolinium-enhanced CMR
demonstrated the presence of myocardial fibrosis in patients on dialysis,''® and its association
with poor survival.!!” However, the discovery of the association between the use of
gadolinium based contrast media in patients with CKD and the development of the very rare
disease nephrogenic systemic fibrosis curtailed further research using this technique.!'®!!
There is a pressing need for an alternative marker of uraemic cardiomyopathy, further
intensified by the observation that regression of left ventricular mass in isolation may not be
robustly associated with improved cardiovascular outcomes in CKD patients.!!! Attempts to

identify reliable imaging biomarkers in this population are hampered by the potential

confounding influence of the dialysis process itself and fluctuating fluid status.

Native T1 mapping is a non-contrast technique that estimates myocardial longitudinal
relaxation times (ms) and reflects changes in extra- and intra-cellular compartments.
Myocardial T1 is commonly affected by changes in collagen (fibrosis), water (oedema), iron
deposition (haemochromatosis, myocardial haemorrhage) and lipids (Fabry’s disease) 2%. In

addition, native T1 mapping has been shown to differentiate dialysis patients from both

207 208,209

healthy'®? and co-morbid controls,?’’ with excellent inter-observer reproducibility.
Outside of the CKD population, T1 mapping has been shown to correlate well with

myocardial fibrosis in other disease states.!'*!2>126 However, the major concern with using
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native T1 mapping in dialysis patients is the potential confounding influence on the T1 signal
of changing tissue oedema resulting from the large intra-dialytic fluid fluctuations that are
typical of patients on intermittent haemodialysis '?®. A previous study using 1.5T CMR
observed small, but detectable, differences in native T1 times immediately after
haemodialysis '?’. In the present study we assess the myocardial changes on 3T CMR in
response to haemodialysis with fluid removal, with a particular interest in native T1 mapping
to inform its potential suitability as a surrogate outcome measure in future therapeutic trials.
We also explored the potential bias of dialysis timing in relation to the clinical applicability

of 3T CMR.

Materials and Methods

Participants

Participants were aged greater than 40 years and were established on regular, day-time
hospital-based haemodialysis for at least 6 months. Participants were eligible for inclusion if
they had a history of recurrent fluid overload (defined as requirement for ultrafiltration
volumes of at least 1.5 litres mean fluid removal over the preceding 3 dialysis sessions) and
without heart failure (defined as no previous clinical diagnosis of heart failure or with
preserved left ventricular ejection fraction (LVEF) (>50%) on their most recent transthoracic
echocardiogram). Participants had to be able to comply with study procedures, self-report an
ability to lie flat for 1 hour and provide informed consent. Exclusion criteria included
standard contra-indications to MRI and contraindications to iodine based radiological contrast
(to facilitate a sub-study comparing CMR with a novel contrast CT technique) >!*'!. The
study was prospectively registered at clinicaltrials.gov (NCT03704701). Favourable ethical
opinion was granted by the West of Scotland Research Ethics Committee 1 (Ref:
18/WS/0138, 13™ August 2018). All study procedures were carried out in accordance with

local guidelines and regulations and with respect to the declaration of Helsinki.

Study Protocol

This single centre observational study consisted of 2 visits (Figure 4.1). Visit 1 occurred
before a participant’s routine dialysis session. Where possible, this occurred at the end of a

participant’s ‘long’, or two-day, gap, i.e., on a Monday for participants on a Monday,
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Wednesday, Friday dialysis schedule. Participants on a morning dialysis schedule attended
visit 1 the afternoon before dialysis. Between visits 1 and 2 participants were asked to
consume food and drink as they normally would but to document what they had taken.
Participants would then attend their routine haemodialysis session which was performed as
per usual clinical practice. Details of the dialysis session were recorded including duration,
ultrafiltration volume, settings and medications administered. Visit 2 occurred after dialysis.
Participants on an afternoon dialysis schedule attended visit 2 the following morning. At each
visit, weight measurement, bioimpedance body composition monitoring (using a Fresenius
Body Composition Monitor, Fresenius Medical Care, Hong Kong as per manufacturer’s

instructions), blood tests and CMR were performed.

Figure 4.1 - Flow chart depicting study procedures

SCREENING VISIT

Eligibility screening, medical interview and
informed consent

~

VISIT 1 Day 1

1
» CARDIOVASCULAR MRI
» BIO-IMPEDANCE BODY
COMPOSITION MONITORING
» WEIGHT MEASUREMENT
HAEMODIALYSIS WITH FLUID REMOVAL
BY ULTRAFILTRATION
VISIT 2 Day 2
(within 24 hours of

» CARDIOVASCULAR MRI dialysis)
» BIO-IMPEDANCE BODY S—

COMPOSITION MONITORING
» WEIGHT MEASUREMENT
» FLUID DIARY COLLECTED
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CMR Image Acquisition

CMR acquisition was performed at the Clinical Research Imaging Facility of the Queen
Elizabeth University Hospital in Glasgow using a 3T MRI scanner (PRISMA, Siemens
Healthineers, Erlangen, Germany) with an 18-channel surface coil placed anteriorly and a 32-
channel spine coil placed posteriorly. Following the acquisition of localiser images, balanced
steady state free precession sequences were used to acquire left ventricular cine imaging in
three long axis planes, followed by a short axis stack from the apex to the atrio-ventricular
ring, each with 25 phases. Images were obtained using retrospective electrocardiogram-gating
at end-expiration. Where participants were unable to breath-hold or had cardiac arrhythmia,
compressed sensing (CS cardiac Cine, Siemens, Erlangen, Germany) was used to allow real-
time acquisition. Typical scan parameters were: field of view (FOV) 340 x 286 mm, slice
thickness 7 mm with 3 mm gap in short axis stack, repetition time (TR) — 41.4 ms, echo time

(TE) 1.51 ms, flip angle 50°, voxel size 1.33%1.33 x 7 mm.

For native T1 and T2 mapping, basal, mid and apical short axis views were acquired using
SiemensMyoMaps sequences. For native T1, non-contrast, motion-corrected, optimized,
modified Look-Locker inversion recovery sequences were used with the following typical
parameters: FOV 340 x 272 mm, slice thickness 6.0 mm, voxel size: 1.9 x 1.9 x 6.0 mm, TR
272 ms, TE 1.12 ms, flip angle 35 degrees, minimum T1 100 ms, inversion-time increment
80 ms, bandwidth 1085 Hertz/pixel. For T2 mapping, three T2 weighted measurements were
acquired followed by an automated exponential fit for each pixel after respiratory motion
correction. The imaging used a T2-prepared single shot b-SSFP readout with T2 preparation
times (TE) = 0, 25, and 55 ms with a recovery period of 3 heartbeats between measurements.
Typical protocol parameters for T2 mapping were: FOV 360 x 270 mm, slice thickness 8
mm, matrix 192 x108, spatial resolution 1.9 x 2.5 mm, TR 207.39 ms, TE 1.32 ms, flip angle
12 degrees, bandwidth 1184 Hz/pixel.

CMR Image Analysis

All CMR scans were subject to a clinical report for clinical governance purposes. Research
CMR analysis was performed utilizing dedicated CMR software (cvi42 software (version
5.10, Circle Cardiovascular, Canada)). Routinely reported CMR measures of left ventricular

(LV) and right ventricular (RV) function were carried out according to current guidelines '*°.
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Parameters of myocardial mass and volumes were not indexed to body surface area to avoid
confounding impact of weight changes falsely adjusting body surface area and is acceptable
given the analysis of within-subject comparisons. Ventricular endocardial and epicardial
contours were manually drawn at end-diastole (Figure 4.2). LV endocardial contours were
drawn at end-systole, which was deemed to be the phase with the smallest blood pool cavity.
Papillary muscles were excluded from myocardial mass and included in volumes. LV
thickness was recorded as the maximum septal thickness measured perpendicular to the
cavity on a short-axis mid-chamber view, at the approximate level of the mitral valve leaflet
tips. Global LV strain (circumferential, longitudinal, and radial) and global RV strain
(longitudinal and radial) were derived using the software’s tissue tracking module to
determine peak values for each parameter. Atrial volumes were manually drawn on 4-
chamber horizontal long axis views at atrial systole and diastole (defined with respect to
mitral valve closure) to report maximum and minimum right atrial volumes and atrial
emptying fraction. For left atrial measurements, the vertical long axis views were additionally
contoured to report biplanar derived values. For T1 and T2 measurements, scanner derived
maps were used. Epi- and endocardial borders were manually drawn on each basal, mid and
apical map. Areas of obvious artefact were excluded from regions of interest (ROI) and care
was taken to include only myocardial tissue with a 10% epi- and endocardial offset applied.
Global values were derived by averaging results from all three short axis slices. Septal values
were reported as the mean of segments 2, 3, 8, 9 and 14 as per the American Heart
Association’s 16 segment model !>, For blood pool T1 and T2, ROIs were drawn within the
LV cavity on the mid-LV map, with care taken to avoid artefact and papillary muscles.
Additional ROIs were manually drawn on a representative area of skeletal muscle, with the
pectoralis major muscle used preferentially. A further ROI was drawn within a homogenous
region within the right lobe of liver. The primary observer (AJR) batch analysed all CMRs in
a random order and was blinded to participant identity and whether the scan was pre-or post-
dialysis. A second independent observer (KM) analysed a random sample of >20% of the
cohort to assess inter-observer variability. As a post-hoc experiment, a TIMES phantom 2!2,
which is a commercially available agarose gel-based phantom that is certified for the
standardisation of T1 mapping on MRI, was scanned on consecutive days at times that

replicated the study schedule to assess inter-study T1 variability.
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Figure 4.2 - Representative images on 3.0T cardiovascular MRI

Representative 3.0T CMR images of mid- left ventricle end-diastolic short axis stack cine (A.
B), end-diastolic horizontal long axis cine (C, D), native T1 mapping (E, F) and native T2
mapping (G, H) acquired before and after dialysis. In this representative participant, global
T1 and global T2 times reduced following 4 hours of haemodialysis with 2.3 litres

ultrafiltration.

Pre-dialysis Post-dialysis

Page 78 of 235



Statistical Analysis

Continuous data with a normal distribution are presented as mean + standard deviation (SD),
and median and interquartile range (IQR) for skewed data, with normality defined according
to Shapiro-Wilk test. Pre and post dialysis CMR values were compared using paired t-tests
and Wilcoxon singed rank tests accordingly. Linear regression and multiple regression were
used to compare change in CMR parameters according to baseline variables. Repeated
measures MANCOVA was used to account for covariates in the comparison of myocardial
native T1 before and after dialysis. Intra- and interobserver variability was assessed by the
intra-class correlation (ICC) coefficient (two-way mixed effect, average measures). Statistical

analysis was performed, and figures created, using SPSS (version 27, IBM Corp, New Y ork).

Sample Size

A prospective sample size calculation determined that a total of 9 participants would be
required to detect a 2.5% difference in native T1 times with 80% power and alpha 0.05 based
on previously published data 82208 A total of 22 participants would be sufficient to detect a
1.5% difference. A target of 30 participants was set to allow drop out and to facilitate a pre-

specified sub-study (clinicaltrials.gov NCT03704701).

Results

Participant characteristics

Twenty-eight participants were recruited between 19" October 2018 and 9" March 2020.
Recruitment was stopped early (target n=30) due to the COVID-19 pandemic. Two
participants withdrew consent prior to any study procedures leaving 26 for analysis, of whom
16 (61.5%) were male, 22 (84.6%) were white and the mean age was 64.7 + 9.4 years.
Median duration of kidney replacement therapy at time of recruitment was 2.0 (1.3, 4.0)
years. Multi-morbidity was prevalent in the cohort with a mean Charlson Comorbidity index
of 6 (mean modified Charlson Comorbidity Index of 3) 2!>*!4, The median duration of
haemodialysis treatment session was 4.0 hours (4.0, 5.0) with a mean blood flow of 265 (+/-
32) ml/min. Eighteen (69.2%) participants followed an afternoon dialysis schedule and
underwent dialysis median 2.5 (2.0, 2.8) hours after their first MRI, with repeat MRI at
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median 15.3 (14.8, 16.7) hours after finishing dialysis. The remaining 8 (30.8%) participants
followed a morning dialysis schedule and underwent dialysis at median 16 (14.7, 16.2) hours
after their first MRI, with a repeat MRI 1.5 (1.2, 2.7) hours after completing dialysis. For 23
(88.5%) participants, visit 1 took place after their ‘long gap’ between dialysis sessions (i.e.,
pre-dialysis on a Monday for a patient on a Monday, Wednesday, Friday dialysis schedule).
Additional baseline characteristics are detailed in supplementary material S4.1. In 6
participants, clinically significant incidental findings were detected, including 2 cancers

requiring treatment (supplementary material S4.2).
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Supplementary Material Table S4.1. Baseline characteristics. Values are displayed as count

(percentage), mean +/- standard deviation or median (interquartile range), as appropriate.

Age, years 64.7+ 94
Male 16 (62%)
Primary renal diagnosis

- Diabetes 8 (31%)

- Glomerulonephritis 6 (23%)

- Polycystic 1 (4%)

- Tubulo-interstitial nephritis 2 (8%)

© nlown 4. (15%)

) ° 5 (19%)
- Duration of renal replacement 2.01(1.34,4.04)

therapy, years

Dialysis schedule
- Morning 18 (69%)
- Afternoon 8 (31%)

Dialysis access

- Catheter 9 (5%)

- Arterial venous fistula 12 (46%)

- Arterio-venous graft 5 (19%)
Body mass index (kg/m2) 31.7(27.2, 36.6)
Smoking

- Previous 8 (31%)

- Current 1 (4%)
Hypertension 24 (92%)
Previous myocardial infarction 3 (12%)
Angina 5 (19%)
Stroke 7 (27%)
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Supplementary Material Table S4.2: summary of clinically significant incidental findings.
These findings were detected on the clinical radiology report which was issued by a
consultant radiologist for each research scan. Participants were informed and appropriate

follow-up arranged in each case.

N=26

1 Renal cancer requiring nephrectomy

| Metastatic bladder cancer

1 Aspiration pneumonia

1 Decompensated severe left ventricular systolic dysfunction
1 Pulmonary nodule requiring follow-up

1 Pleural plaques

Fluid status

All participants had a history of recurrent fluid overload with mean ultrafiltration volume of
2.2 L (+/- 0.4) from the preceding 3 dialysis sessions prior to recruitment. At visit 1 (pre-
dialysis), 12 participants had demonstrable pitting oedema. 1 participant was unable to
undergo bioimpedance monitoring for multifactorial reasons (body habitus, immobility, skin
emollient). Of the remaining 25 participants, the median over-hydration was +0.35 L (-2.8,
+3.5), with 10 participants measuring as volume deplete pre-dialysis. The median net
ultrafiltration volume on dialysis was 2.3 L (1.8, 2.5) at a mean rate of 6 mL/kg/hour (+/-
1.74). Five participants experienced symptomatic intradialytic hypotension requiring
adjustment of their dialysis prescription. Between visit 1 (pre-dialysis) and visit 2 (post-
dialysis), the median estimated fluid intake was 0.85 L (0.6, 1.0). At visit 2 (post-dialysis),
the median reduction in body weight was 1.35 kg (1.0, 1.9), with a median reduction in over-
hydration of 0.75 L (0.5, 1.4). No participants gained weight between visit 1 and visit 2,
albeit 2 participants’ weight did not change. According to bioimpedance monitoring, 3

participants increased their over-hydration between visits (range 0.2-0.35 L).

CMR parameters pre- and post-dialysis
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Table 4.1 shows the CMR results before and after dialysis. Notable findings include a
significant reduction in LV end-diastolic volume, LV stroke volume, RV stroke volume, left
atrial volumes, global circumferential strain, global native T1, septal native T1 and global T2
following dialysis. There was no change in LV mass, LV or RV ejection fraction or global
longitudinal strain (Table 4.1). Figure 4.3 shows within-subject changes for LV mass, LVEF,
left atrial maximum volume, global T1, septal T1 and global T2. The intra- and interobserver
reproducibility for global t1 times was excellent with ICC of 0.989 and 0.949, respectively.
Additional intra- and interobserver reproducibility results are included in supplementary

material S4.3.
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Table 4.1 - Cardiovascular Magnetic resonance (CMR) parameters pre- and post-dialysis.

Displayed as mean, standard deviation and paired t-test for variables with a normal

distribution, and median, interquartile range and Wilcoxon signed rank test for those with a

skewed distribution.

CMR parameter Pre-dialysis Post-dialysis p-value
LV myocardial mass (g) 103.8 (78.8, 142.4) | 97.5(78.2,136.0) | 0.35
LV end diastolic volume (ml) | 184.9 (159.1, | 159.5 (151.8, | 0.002
228.6) 220.1)
LV end systolic volume (ml) | 87.9 (71.1, 112.6) 84.3 (68.6,111.4) | 0.81
LV stroke volume (ml) 102.9 (+/- 28.5) 89.6 (+/- 29.6) 0.007
LV ejection fraction (%) 53.6 (48.6, 59.5) 49.8 (46.2, 54.5) 0.13
LV global longitudinal strain | -13.8 (+/- 3.3) -13.1 (+/- 3.6) 0.22
(%)
LV global circumferential | -16.3 (-19.5,-14.0) | -15.1 (-16.9,-13.4) | 0.03
strain (%)
LV global radial strain (%) 22.2 (+/-6.7) 20.7 (+/-7.1) 0.18
LV thickness (mm) 10.2 (8.4,12.2) 10.6 (8.8, 12.3) 0.44
RV end diastolic volume (ml) | 160.9 (133.4, | 136.4 (128.2, | <0.001
183.6) 171.1)
RV end systolic volume (ml) | 67.4 (56.2, 82.0) 61.9 (62.6,75.2) 0.66
RV stroke volume (ml) 97.9 (+/- 29.6) 83.6 (+/- 25.9) <0.001
RV ejection fraction (%) 56.9 (+/- 10.5) 53.8 (+/- 12.6) 0.05
RV global longitudinal strain | -22.5 (+/-5.9) -22.4 (+/-6.8) 0.88
(%)
RV global radial strain (%) 48.3 (37.2, 66.7) 49.8 (40.0, 71.7) 0.77
Minimum LA volume (ml) 44.2 (28.1,70.1) 39.8 (22.0,70.4) 0.001
maximum LA volume (ml) 95.5 (74.8, 108.4) 86.4 (56.8, 100.9) | <0.001
minimum RA volume (ml) 30.4 (20.2, 43.6) 29.1 (22.0, 40.6) 0.95
maximum RA volume (ml) 59.5(49.4,77.4) 54.1 (45.3,75.4) 0.09
Global native T1 (ms) 1282.9 (+/- 50.6) 1261.6 (+/-49.4) 0.02
Septal native T1 (ms) 1312.6 (+/- 53.5) 1293.1 (+/- 46.5) 0.04
Blood pool native T1 (ms) 1956.7 (+/- 67.8) 1934.7 (+/-72.9) 0.08
Skeletal muscle native T1 | 1217.7 (+/- 64.8) 1209.8 (+/- 73.3) 0.60
(ms)
Liver native T1 (ms) 685.9 (+/- 156.7) 678.6 (+/- 145.6) 0.45
Global T2 (ms) 42.2 (40.9, 44.8) 41.0 (39.9,44.7) 0.02
Blood pool T2 (ms) 101.1 (+/- 20.9) 111.0 (+/- 24.5) 0.06
Skeletal muscle T2 (ms) 32.2 (+/-2.1) 30.8 (+/- 3.0) 0.03
Liver T2 (ms) 21.6 (19.9, 23.5) 21.3(20.1,22.4) 0.81

The scanner-specific reference range for myocardial native global T1 in healthy subjects is
mean (range) 1170.2 ms (1106.8 - 1233.5) and global T2 is mean 39.5 ms (34.7-44.3)
(unpublished data, correspondence from Dr Kenneth Mangion and Dr Andrew Morrow)

Abbreviations: LV = left ventricular; RV = right ventricular; LA = left atrial; RA = right
atrial.
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Supplementary Material Table S4.3: Intra- and inter-observer reproducibility for

cardiovascular MRI (CMR) parameters assessed by intraclass correlation coefficient (ICC)

(two-way mixed effect, absolute agreement). Performed on a random sample of 11

participants representing >20% of total cohort.

CMR parameter Intra-observer ICC Inter-observer ICC
LV myocardial mass (g) 0.986 0.947
LV end diastolic volume (ml) 0.998 0.960
LV end systolic volume (ml) 0.975 0.934
LV stroke volume (ml) 0.968 -
LV ejection fraction (%) 0.870 0.863
LV global longitudinal strain (%) 0.969 0.903
LV global circumferential strain (%) 0.968 -
LV global radial strain (%) 0.956 -
LV thickness (mm) 0.887 -
RV end diastolic volume (ml) 0.983 -
RV end systolic volume (ml) 0.983 -
RV stroke volume (ml) 0.927 -
RV ejection fraction (%) 0.897 -
RV global longitudinal strain (%) 0.632 -
RV global radial strain (%) 0.608 -
minimum LA volume (ml) 0.927 -
maximum LA volume (ml) 0.995 -
minimum RA volume (ml) 0.981 -
maximum RA volume (ml) 0.987 -
Global native T1 (ms) 0.989 0.949
Septal native T1 (ms) 0.934 0.937
Blood pool native T1 (ms) 0.958 -
Skeletal muscle native T1 (ms) 0.694 -
Liver native T1 (ms) 0.989 -
Global T2 (ms) 0.962 0.953
Blood pool T2 (ms) 0.831 -
Skeletal muscle T2 (ms) 0.921 -
Liver T2 (ms) 0.978 -

Abbreviations:

LV = left ventricular
LA = left atrial

RA = right atrial

RV = right ventricular
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Figure 4.3 - Within subject changes pre- and post- dialysis for left ventricular mass (A), left

ventricular ejection fraction (B), left atrial maximum volume (C), global T1 times (D), septal

T1 times (E), and global T2 times (F).
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Change in native T1 and T2 by fluid status

On linear regression there was no relationship between baseline over-hydration and global
T1, septal T1 or global T2 (Figure 4.4). There was also no relationship between the change in
global T1, septal T1 or global T2 with ultrafiltration volume (p=0.88), change in over-
hydration (p=0.87) or change in weight (p=0.95) (Figure 4.4). There was no difference in the
mean change in global T1, septal T1 and global T2 in individuals who did versus did not
achieve >0.5 L reduction in over-hydration (change in global T1: 11.3 (95% CI -30.2, 52.8),
p=0.58; septal T1: 0.24 (95% CI -41.8, 42.3), p= 0.99; global T2: -0.65 (95% CI-2.1, 0.81),
p=0.37) nor in those with or without >1.0 kg weight change (change in global T1: 6.3, (95%
CI-39.4, 52.0) p=0.78; septal T1: 1.2 (95% CI -45.6, 48.1), p=0.95; global T2: 0.09, (95%CI
-1.5, 1.7), p=0.91). Blood pool native T1 correlated with the degree of overhydration
measured on bioimpedance at baseline (1> = 0.247, p=0.013) but there was no association
between the change in blood pool T1 and the change in overhydration. There was also no
correlation between the change in in myocardial native T1 time and the change in blood pool
T1 (r=0.13, p=0.54), nor the change in haematocrit (r=-0.25, p=0.22). On repeated measures
MANCOVA, when the change in blood pool T1 and the change in haematocrit were added as
covariates to the comparison of myocardial native T1 time, there was no significant
interaction between either covariate and the change in myocardial native T1. Both covariates
had small, non-significant contributions to the observed effect (change in blood pool T1
(partial eta squared 0.06, p=0.72); change in haematocrit (partial eta squared 0.11, p=0.11),
resulting in an adjusted p-value of 0.050 for the comparison of myocardial naive T1 before
and after dialysis. Additional determinants of blood T1 are examined in supplementary

material S4.4.
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Figure 4.4 - Scatter plots of global T1, septal T1 and global T2 according to baseline over-hydration (A, B, C, respectively), and the change in
global T1, septal T1 and global T2 according to change in weight (D, E, F, respectively).

There was no significant association in any of the comparisons.
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Supplementary Material Table S4.4: Determinants of blood pool T1

There was no significant difference in blood pool native T1 pre and post dialysis (Pre
1956.7 ms (+/- 67.8); Post 1934.7 (+/- 72.9); p=0.08). Blood pool native T1 correlated
with the degree of overhydration measured on bioimpedance at baseline (12 = 0.247,
p=0.013) but there was no association between the change in blood pool T1 and the
change in overhydration. There was no correlation between the change in blood pool
T1 and the change in myocardial native T1 (r=0.13, p=0.54). Previous studies have
suggested a high degree of correlation between blood pool native T1 and biochemical
parameters (S Rosmini, H Bulluck, A Abdel-Gadir et al, The Effect of Blood
Composition on T1 Mapping, J Am Coll Cardiol Img. 2019. 12 (9),;1888-1890). In the
present study, there was no correlation between blood pool native t1 and the following
parameters: haematocrit (p=0.84), haemoglobin (p=0.63), creatinine (p=0.69), iron
(p=0.62), transferrin saturation (p=0.72), serum albumin (p=0.77), triglycerides
(p=0.72), cholesterol (p=0.63), LDL (p=0.76) and HDL (p=0.73). The following table

shows the mean change in blood parameters pre and post dialysis:

Pre-dialysis Post dialysis
Haemoglobin (g/L) 115 (15) 115 (14)
Haematocrit (L/L) 0.363 (0.046) 0.363 (0.045)
Sodium (mmol/L) 137 (4) 137 (2)
Potassium (mmol/L) 5.4(0.9) 4.6 (0.7)
Urea (mmol/L) 21.1 (4.7) 10.5 (3.3)
Creatinine (umol/L) 815 (244) 507 (205)
Albumin (g/L) 354) 34 (4)
Ferritin (ng/mL) 465 (346) 502 (358)
Iron (umol/L) 11 (6) 15 (10)
Transferrin (g/L) 1.9 (0.4) 1.9 (0.4)
Transferrin Saturation (%) | 24 (12) 32 (22)
Triglycerides (mmol/L) 2.7(2.3) 22(2.1)
Cholesterol (mmol/L) 4.6 (1.5) 4.2 (0.9)
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High density lipoprotein 1.2 (0.5) 1.3(0.4)
(mmol/L)

Low density lipoprotein 2.1(0.8) 2.0 (0.8)
(mmol/L)

Values displayed as mean (standard deviation)

Change in native T1 and T2 parameters by dialysis session

There was no association between the change in global T1, septal T1 or global T2 and
the time from dialysis until repeat CMR (p=0.80, 0.55 and 0.77 respectively, when
mean change in values was compared between morning and afternoon dialysis
patients). Eighteen participants were on a morning dialysis schedule, whereas 8 were
on an afternoon schedule and thus scanned at different times of day. The mean
difference in myocardial native T1 pre/post dialysis was 24.7 ms in the morning
group (n=8) and 19.8 ms in the afternoon group (n=18), with no significant difference
between the groups (p=0.80). When the TIMES phantom was scanned on consecutive
days the measured T1 was 1215.6 +/- 7.6 ms and 1214.6 +/- 13.4 ms, respectively.
The same values for T2 were 80.8 +/- 0.9 ms and 80.2 +/- 1.9 ms. There was no
difference in global T1, septal T1 or global T2 in those participants who experienced
symptomatic intradialytic hypotension versus those who did not (p=0.87, 0.67 and
0.99, respectively). All but 1 participant were prescribed regular intravenous iron
therapy. Excluding the 5 participants who received intravenous iron between visit 1

and visit 2 did not change the results (supplementary material S4.5).
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Supplementary Material S4.5: Analyses exploring the potential influence of
intravenous iron therapy. Excluding the 5 participants who received intravenous iron
between visit 1 and visit 2 did not change results: a significant reduction in global T1
was still observed (mean 22.3ms, p=0.04).

The native T1 times for the 5 patients who received intravenous iron between scans is

included in the table below:

Participant | Global native 1 pre- | Global native T1 | Dose of intravenous
dialysis post dialysis iron sucrose received

1 1218.1 1200.1 150 mg

2 1289.6 1240.3 25 mg

3 1281.0 1233.1 100 mg

4 1221.7 1226.5 100 mg

5 1299.14 1324.1 50 mg
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Change in LV ejection fraction

There was no overall change in LVEF following dialysis (Table 4.1). Six participants
had abnormal LVEF pre-dialysis based on age and sex standardised reference ranges
187 In 5 of these participants, LVEF improved following dialysis and fluid removal
(range 3 to 9.5%). However, 11 participants with normal LVEF pre-dialysis, had
abnormal LVEF post-dialysis. In one participant, a dramatic reduction in LVEF was
clearly due to tachy-arrhythmia. In the remaining 10 participants, 4 had minor
changes (<5% difference) that crossed the threshold for age and sex standardised
normal values, while 6 had >5% reduction in LVEF but without obvious association
between the change in LVEF and baseline hydration status (visit 1 bioimpedance
hydration status ranging from -3.75 to + 2.45 L). On multivariable linear regression
including baseline over-hydration, baseline LVEF, ultrafiltration volume, follow-up
over-hydration, over-hydration change, weight change, time from visit 1 until dialysis
and time from dialysis until repeat MRI, only baseline LVEF and the time from visit 1
until dialysis significantly associated with the change in LVEF following a backwards
elimination approach (baseline LVEF: Beta 0.43, p=0.02; Time from MRI 1 until
dialysis: Beta 0.38, p=0.04; adjusted r* for the model = 0.30). At lower baseline
LVEF, repeat LVEF was more likely to increase, whereas those who had a longer gap
between visit I MRI and dialysis were more likely to have a reduction in LVEF at

visit 2 (Figure 4.5).
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Figure 4.5 - Scatter plots of change in left ventricular ejection fraction (LVEF)

(calculated by visit 2 post-dialysis LVEF (%) — visit 1 pre-dialysis LVEF (%)) by
baseline LVEF (p=0.02) (A) and time from visit 1 MRI until dialysis (p=0.04) (B)
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Discussion

This prospective study identified significant changes in cardiovascular parameters on
3T CMR in response to haemodialysis with fluid removal. Specifically, left and right
ventricular end-diastolic volumes, stroke volumes, and atrial volumes reduced, as did
global native T1, septal native T1 and global T2 times but not LV mass. There was no
correlation between the change in these parameters and the change in fluid status
measured by bodyweight or bioimpedance. The change in myocardial native T1 time
was independent of changes in haematocrit and blood pool T1, suggesting that the
observed difference is not explainable by reduced intravascular T1 time. Regardless
of whether the change in native T1 time is due to fluid removal, or the dialysis
process itself, the present results question the validity of native T1 mapping as a

surrogate marker for myocardial fibrosis in patients on haemodialysis.

Native T1 mapping is an appealing potential biomarker for myocardial fibrosis, with
proven superiority over volumes, function and late gadolinium enhancement in

patients with non-ischaemic dilated cardiomyopathy 2!>216

, and encouraging data in
patients with CKD 1329217 However, there are conflicting results from previous
studies exploring the influence of fluid status on native T1 mapping in patients with
CKD. Native T1 times do not alter with varying end-diastolic volumes (an indicator
of changing fluid status) in patients on dialysis 2°*. Similarly, a study comparing 124
dialysis patients to 137 healthy controls found that the increased myocardial native T1
times observed in patients with CKD occurred independently of changes in T2 times,
suggesting that fibrosis, rather than fluid, accounts for the differences in T1.
However, these patients were scanned the day after dialysis when euvolaemia is most
likely 8. Furthermore, a study of 12 patients found no change in T1 values on 3T
CMR immediately post dialysis >!°. These patients had relatively low ultrafiltration
volumes (mean 1.1L) and the lack of effect could be explained by insufficient time to
allow for fluid re-equilibration. In the MIDNIGHT study !2, which found significant
improvements in native T1 time on 3T CMR with extended hours nocturnal
haemodialysis, there was no association between native T1 time and fluid status on
bio-impedance body composition monitoring. However, the change in T1 did occur in

the presence of increased ultrafiltration volumes in the treatment group, and reduced
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ultrafiltration volumes in the control group. In contrast, a study of 30 dialysis patients
found a significant correlation (r=0.409) between fluid status and native T1 time on
1.5T CMR !, This result could be explained by reverse causality, with patients with
more myocardial fibrosis being more prone to fluid overload. Kotecha et al found
global native T1 times on 1.5T CMR reduced from 1085 ms pre-dialysis to 1072 ms
post-dialysis in 25 dialysis patients undergoing a 3 hour dialysis session with mean
2.0 L ultrafiltration '?7. The present study confirms this result at 3.0T and supports the
conclusion that the abnormal native T1 times observed in patients with CKD can be

modulated by dialysis with fluid removal and therefore is not entirely due to fibrosis.

The minimal clinically significant change in native T1 time is difficult to define.
Previous studies comparing native T1 times in patients on dialysis versus controls
found a mean difference of 21 ms on 1.5T 82 and 185 ms on 3T 2*. In the present
study, the mean global T1 times are greater than the scanner-specific healthy
reference range by a mean of 112.7 ms pre-dialysis and 91.4 ms post dialysis (Table
4.1). The mean change in T1 time pre- and post-dialysis was 21.3 ms. In the
MIDNIGHT trial ', the intervention resulted in a mean reduction in native T1 time of
30.6 ms (from a mean baseline value of 1270ms). As another example, in non-CKD
patients undergoing aortic valve replacement, native T1 times reduced by an average
of 44.7 ms and were associated with improved prognosis %. So while the difference
in global T1 observed by this study, and by Kotecha et a/ '*’, is small, it is within the
region of clinically significant difference. Similar magnitude of change has been
observed in healthy volunteers and patients with coronary artery disease immediately
post exercise, but in this setting native T1 times increased, rather than decreased 2.
In these patients with coronary artery disease, the magnitude of native T1 reactivity
correlated with the severity of myocardial perfusion abnormality 2. This suggests
that any change in native T1 times following dialysis is unlikely to be due to dialysis-

induced ischaemia (which would cause times to increase).

Native T1 mapping predicts outcome in patients with heart failure >*? and acute
myocardial injury 22, It also has proven diagnostic or prognostic benefit in a range of
other conditions including amyloidosis, myocarditis, aortic stenosis, iron overload,
and Fabry disease !'*!3!, The present results question the on-going consideration of

native T1 mapping as a surrogate for myocardial fibrosis in patients on haemodialysis.
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Studies including myocardial biopsy data will be needed to answer this definitively
but would be challenging to justify ethically and difficult to complete. There is an
ongoing study correlating native T1 mapping with post-mortem histology in 9
participants (ClinicalTrials.gov Identifier: NCT03586518). For native T1 to proceed
as a potential biomarker in CKD patients, it will require longitudinal studies with
standardised timing of imaging in relation to dialysis therapy to establish if native T1
has a prognostic role in the CKD population, and if changes in native T1 times
correspond with proportional changes in prognosis. If proven, the small changes in

native T1 times following dialysis may be deemed negligible.

Global T2 times reduced following dialysis with fluid removal, in keeping with
previous studies '27. The native transverse relaxation time (T2) is sensitive to proton
(water) binding to macromolecules and proton mobility. Native T2 reflects tissue
water content and mobility to a greater extent than native longitudinal relaxation time
(T1). Skeletal muscle T2 times also decreased suggesting that the observed
myocardial change may be due to reduced total body water content, rather than a
myocardial-specific process, but there was no change in hepatic or blood pool T2. The
timing of radiofrequency pulse sequence used in T2-weighted images results in
increasing signal intensity with increasing water content of tissues 2%%, and so it is
physically plausible that the change in T2 time represents reduced tissue oedema. The
lack of association between the change in T2 time and the change in fluid status is

against this, but it still remains the most likely explanation.

There appears to be a complex relationship with regards to parameters of ventricular
function and dialysis with fluid removal. A study using intradialytic CMR has
previously shown that LVEF drops acutely during dialysis with incomplete recovery
evident at 1 hour post dialysis 2!°. This explains the present observation whereby the
timing of dialysis and repeat CMR was a significant factor in predicting repeat LVEF
(albeit with a very weak correlation), with those patients on a morning dialysis
schedule (and therefore undergoing repeat CMR soon after dialysis) being more likely
to have a reduction in repeat LVEF. Paradoxically, in the sub-group of patients with
reduced LVEF, previous reports have suggested that dialysis with fluid removal can
improve LVEF '?’. In the present study, 5 of the 6 patients with abnormal LVEF at

visit 1 had an improvement on repeat LVEF measurement, presumably due to reduced
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afterload. With regards to clinical practice, CMR scanning should be avoided
immediately post-dialysis and serial scanning should be performed at same time in
relation to dialysis schedule. Given the differential response in LVEF depending on
baseline LVEF, it is conceivable that the wrong dialysis prescription could perpetuate
a patient’s cardiac dysfunction and is a reminder of the importance of the
individualised medicine in dialysis prescribing. There is increasing interest in the role
of LV global longitudinal strain as a potentially superior measure of cardiac function

compared to LVEF, especially in patients with CKD 15225,

This study addresses important questions in relation to 3T CMR to inform timing of
clinical scanning in relation to dialysis and the potential bias of fluid overload in
parametric mapping. The cohort is representative of the wider dialysis population
with high prevalence of comorbidity and no changes to their prescribed dialysis
session. The number of clinically relevant incidental findings that were identified is
striking but is in keeping with previous reports >?. Fluid assessment was
comprehensive and CMR scans were performed utilising state-of-the-art hardware
and software. However, there are several limitations. The sample was heterogeneous
with regards to timing of scans in relation to dialysis, baseline LVEF (despite
attempts to control this by excluding patients with known LV dysfunction) and
baseline hydration status, with 10 participants measuring as volume deplete on
bioimpedance monitoring at visit 1. We cannot discount a Type 2 error for the lack of
correlation between myocardial native T1 and fluid removal. Further, there may have
been a differential time-course between changes in fluid status and native T1. The
impact of 1 litre fluid removal is likely to have differential effect on the myocardium
if the starting state is volume overload, as opposed to volume depletion. Nevertheless,
there was no apparent difference in change in native T1 times according to baseline
hydration status. The study could have been improved by inclusion of a control group

who underwent dialysis without fluid removal. Further work is warranted.

Conclusion

Acute changes in cardiac volumes and myocardial composition are detectable on 3T
CMR following haemodialysis with fluid removal. Accordingly, the timing of clinical

CMR scanning in relation to a patient’s dialysis schedule is crucial, particularly if
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serial scanning is required. Small, but significant, reductions in global myocardial T1
and T2 relaxation times were observed after dialysis suggesting that the abnormal
native T1 signal in patients undergoing haemodialysis is not entirely due to fibrosis.
The exact mechanism for the reduction in native T1 times is unclear. Despite the lack
of association with the change in native T1 time and the change in fluid status,
alterations in tissue oedema remain the most likely explanation, albeit removal of
uraemic factors or the haemodynamic effects of dialysis itself may also contribute.
Future studies examining the prognostic capabilities of native T1 in CKD populations
are still warranted but will require careful standardisation of imaging schedules and

awareness of the potential confounding effect of fluid status and the dialysis process.
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Abstract

Background: Vascular calcification is an independent predictor of cardiovascular
disease in patients with chronic kidney disease. Computed tomography (CT) is the
gold-standard for detecting vascular calcification. Radial volumetric-interpolated
breath-hold examination (radial-VIBE), a free-breathing gradient-echo magnetic
resonance imaging (MRI) sequence, has advantages over CT as it is ionising
radiation-free. However, its capability in detecting thoracic aortic calcification
(TAC) has not been investigated. This study aims to compare radial-VIBE to CT for
the detection of TAC in the descending aorta of patients with end-stage renal
disease (ESRD) using semi-automated methods, and to investigate the association

between TAC and coronary artery calcification (CAC).

Methods: Paired cardiac CT and radial-VIBE scans from ESRD patients
participating in 2 prospective studies were obtained. Calcification volume was
quantified using semi-automated methods in a 9 cm segment of the thoracic aorta.
Correlation and agreement between TAC volume measured on MRI and CT were
assessed with Spearman’s correlation coefficient (p), linear regression, Bland-
Altman plots and intraclass correlation coefficient (ICC). Association between CAC
Agatston score and TAC volume determined by CT and MRI was measured with

Spearman’s correlation coefficient.

Results: Scans from 96 participants were analysed. Positive correlation was found
between MRI and CT calcification volume (p = 0.61, 95% confidence interval (CI):
0.45-0.73). 1CC for consistency was 0.537 (95% CI: 0.378-0.665). Bland-Altman
plot revealed that compared to CT, MRI volumes were systematically higher at low
calcification volume, and lower at high calcification volume. CT did not detect
calcification in 41.7% of participants, while radial-VIBE detected signal which the
semi-quantitative algorithm reported as calcification in all of those individuals.
Instances of suboptimal radial-VIBE image quality were deemed to be the major
contributors to the discrepancy. Correlations between CAC Agatston score and
TAC volume measured by CT and MRI were p = 0.404 (95% CI: 0.214-0.565) and
p =0.211 (95% CI: 0.008-0.396), respectively.
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Conclusion: Radial-VIBE can detect TAC with moderate positive association to
CT, albeit with the presence of proportional bias. Quantification of vascular
calcification by radial-VIBE remains an area for future research, but improvements
in image quality are necessary. In the meantime, CT should remain the primary

modality for assessing vascular calcification in clinical practice.

Keywords: Thoracic aortic calcification; End-stage renal disease; Cardiovascular
disease; Computed tomography; Magnetic resonance imaging; Radial volumetric

interpolated breath-hold examination (radial-VIBE) sequence
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Background

Patients with chronic kidney disease (CKD) have a greater risk of cardiovascular
disease (CVD) and all-cause mortality compared to age-matched controls within the
general population??”. This risk is greatest in patients with end-stage renal disease
(ESRD) who require renal replacement therapy (RRT) in the form of dialysis or a
kidney transplant'. Traditional cardiovascular risk factors (e.g., diabetes,
hypertension, hyperlipidaemia), are prevalent amongst CKD populations. In addition,
there are CKD-specific risk factors that contribute to the predisposition to CVD, such
as excessive arterial calcification and vascular stiffening. In ESRD patients, aortic
stiffness is higher compared to healthy controls®, and arterial calcification may be

228

partly responsible for this*°. Clinically, both arterial stiffness and calcifications have

been shown to be independent predictors of cardiovascular mortality in ESRD

229,230

patients and have been used as a surrogate end point for clinical trials in this

population?!.

The thoracic aorta can be imaged in both cardiac computed tomography (CT) and
cardiovascular magnetic resonance (CMR) and quantifying thoracic aortic
calcification (TAC) may have some utility in improving risk prediction. In primary
prevention cohort studies, TAC was shown to be an independent predictor for all-
cause mortality>*>?*3, but not for cardiovascular events***>3’. While in patients with
stable angina, TAC was associated with increased risk of death and CVD?®¥. Although
data in ESRD patients are lacking, other arterial calcifications, such as coronary artery
calcification (CAC) and abdominal aortic calcifications, are associated with higher
risk of all-cause and cardiovascular mortality in advanced CKD (stages 4-5) and
haemodialysis patients?**?*°, Therefore, it is plausible that TAC might also be a risk

factor for cardiovascular events in ESRD patients.

CT is a well-established imaging modality for detecting vascular calcification in
clinical practice. Calcification can be quantified on CT using the Agatston score**!,
which takes into account the area and density of calcified lesions, or the volume
score, which does not depend on calcium density**. Traditionally, calcification is
hard to discern with conventional spin-echo sequence in magnetic resonance imaging

(MRI) because it appears with various signal intensities?*>. Moreover, calcification is
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hypointense due to low proton density and often lies adjacent to the dark arterial

lumen*4,

Recent work has shown that a prototype proton density-weighted in-phase stack-of-
stars MRI using a small flip angle gradient-echo readout can accurately quantify
aorto-iliac and ilio-femoral vascular calcifications®*>?*, A similarly configured and
commercially-available gradient-echo MRI sequence called radial volumetric
interpolated breath-hold examination (radial-VIBE) could therefore serve as a
potential alternative to CT in detecting and quantifying vascular calcification without
ionising radiation’*’. However, whether this could be applied to detecting TAC is

unknown.

The aim of this study was to compare radial-VIBE to CT for the detection and
quantification of TAC, specifically in the descending thoracic aorta, in patients with
ESRD using a semi-automated approach. In addition, the association between

descending TAC and CAC was investigated.

Methods

Sources of images & other clinical data

Imaging data from adult patients with ESRD participating in 2 prospective research
studies was used: 1) Vitamin K in kidney transplant organ recipients: Investigating
vEssel Stiffness (ViIKTORIES) trial (Current Controlled Trials number,
ISRCTN22012044) and 2) The Interrogation of the Cardiomyopathy of Chronic
Kidney Disease With advancEd caRdiac Imaging (TICKER) study (ClinicalTrials.gov
number, NCT03704701). All subjects gave written informed consent to the respective

studies, which were reviewed and approved by the local Research Ethics Committee.
The ViKTORIES trial**® is a phase II, double-blinded, parallel-group, randomised,
placebo-controlled trial comparing vitamin K supplementation to placebo on vascular
stiffness in renal transplant patients. The TICKER study is an ongoing observational
study that is assessing the effects of dialysis on the myocardium using CMR. Both
studies collected imaging data, of which the paired cardiac CT and CMR (acquired
within 24 hours of each other) were used in the current study. For both VIKTORIES
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and TICKER studies, the assessment of calcification was one of several prospectively
defined research questions being addressed. The paired scans were performed at the
Clinical Research Imaging Facility based at the Queen Elizabeth University Hospital

in Glasgow.

CT image acquisition

Electrocardiogram-gated non-contrast scans of the heart were acquired at 120 kVp in
a single heartbeat scan using an Aquilion ONE Vision Edition CT scanner (Canon
Medical Systems Ltd., Crawley, UK). Radiation dose was reduced by using the

Adaptive Iterative Dose Reduction 3D reconstruction algorithm.

CMR image acquisition

Non-contrast CMR images were obtained using a Siemens Prisma 3 Tesla scanner
(Siemens Healthineers, Erlangen, Germany) with an 18-channel surface coil placed
anteriorly, and a 32-channel spine coil placed posteriorly. Radial-VIBE images were
acquired in coronal plane using Siemens StarVIBE product (Siemens Healthineers,
Erlangen, Germany), which is a free-breathing, 3D, proton density-weighted, stack-
of-stars, gradient echo sequence. The imaging parameters used were: field-of-view
(FOV) 462 x 462 mm, slice thickness 3mm, repetition time (TR) 4.18 ms, echo time
(TE) 2.46 ms, flip angle 2.5 degrees, acquired voxel size 1.2 x 1.2 x 1.2 mm,
sampling bandwidth 720 Hz/pixel, scan time 4.30 minutes. No cardiac or respiratory

gating was utilised.

Quantitative image analysis

One investigator analysed all of the images to measure calcification volume. A second
investigator, who was added post-hoc, re-analysed a random sample of scans
representing 10% of the cohort to assess the inter-observer reproducibility of our
quantitative analysis protocols. To promote blinding, randomly ordered CT images
were batch analysed before radial-VIBE images. The latter were analysed in a random
order over a week later, without reference to CT results. Horos is a free and open

source code software (FOSS) program that is distributed free of charge under the
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Lesser General Public License at Horosproject.org and sponsored by Nimble Co LLC
d/b/a Purview in Annapolis, MD USA. On sagittal views on both CT and radial-VIBE
images, Horos was used to select a 9 cm segment of the descending thoracic aorta,
starting from the level of the top of the vertebra closest to the diaphragmatic surface
of the heart and then progressing superiorly as shown in Figure 5.1. If the vertebra
was out of the FOV, then the area of analysis would begin from the inferior surface of
the heart. The descending aorta was chosen as the region of thoracic aorta most
reliably visualised on CT within a field of view allowing simultaneous imaging of
CAC. The CT and radial-VIBE images containing only the selected portion of aorta

were exported and ImagelJ (version 1.52q, National Institutes of Health, USA)**

was
then used to detect and quantify the volume of calcification present within the
descending thoracic aorta. Volume of calcification is the product of the area of the
lesions detected and the slice thickness:

Volumenmm’) = Y(Area in mm? * slice thickness in mm)

Figure 5.1 - Sagittal (A) radial-VIBE and (B) computed-tomography (CT) images of
descending thoracic aorta.

A 9 cm segment of thoracic aorta from the same patient is chosen on both CT and radial-
VIBE images. Red horizontal lines mark the level of the top of the vertebra that is

closest to the inferior surface of the heart. Yellow vertical lines correspond to 9 cm of

thoracic aorta.
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CT image analysis

CT images were reconstructed with 3 mm slice thickness and 3 mm slice interval to
be used for analysis. Calcification was defined as voxels with attenuation values of
130 Hounsfield units (HU) or greater and appearing bright on CT (Figure 5.2), this
corresponds to approximately 2 standard deviations (SD) higher than the attenuation
of unenhanced blood. Although arbitrary, this is accepted as the conventional
threshold for CT assessment of arterial calcification®*!. A median filter of 3 mm
radius was used to reduce ‘salt and pepper’ noise while preserving sharp edges. Once
a threshold had been set to segment calcifications, a region-of-interest (ROI) was
manually drawn around the wall of the descending thoracic aorta if calcified lesion(s)
was present. Lastly, the area of calcification within the aorta was measured using
automated thresholding. The patient’s total volume of calcification was then
calculated offline. CAC Agatston scores were reported by a consultant radiologist in
line with clinically approved protocols, blinded to treatment allocations and clinical
variables using dedicated analysis software (Vitrea Advanced, Vital Images,

Minnetonka, USA).
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Figure 5.2 - Representative images of calcifications on computed tomography (CT) (A,

C) and radial-VIBE (B, D).

Images A and B are axial slices; Images C and D are sagittal slices. Calcifications are

indicated by the red arrows. For this participant, volume of calcification detected by

CT = 834.81 mm?, radial-VIBE volume = 634.02 mm?.
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Radial-VIBE image analysis

Reconstructed radial-VIBE images with 3 mm slice thickness and 3 mm slice interval
were used for analysis. On the transverse plane, ROIs were manually delineated
around the aortic wall in every consecutive slice. Next, a bespoke segmentation
algorithm was used to segment calcifications (based on signal intensity) and measure
their area. Aortic calcification appears hypointense (i.e. dark) on radial-VIBE images
(Figure 5.2) and was defined as a voxel with signal intensity of at least 2.5 SD below
the mean signal intensity of voxels within the ROI (i.e. aorta) of each slice. A
previous study, which utilised similar techniques, has defined calcification on MRI as
between 2 and 3 SD below the mean signal intensity of the ROI?*¢. In our cohort, 2.5
SD was chosen as it was quickly evident during the algorithm development that 2 SD
insufficiently distinguished calcification from noise, while 3 SD excluded obvious

calcification.

Qualitative image analysis

Two observers (E.E. and A.R., with one and four years experience of researching
vascular calcification, respectively) subjectively compared all (n = 96) radial-VIBE
scans to CT. A 5-point Likert scale (1 — very poor, 2 — poor, 3 — fair, 4 — good, 5 —
excellent) was used to assess the confidence with which the radial-VIBE matched the

250

CT with regards to calcification presence, location, size and shape~". Where scores

disagreed, scans were reviewed to reach consensus.

Statistical analysis

Data were analysed with Minitab® Statistical Software (Version 19.2.0.0) and SPSS
software package (IBM SPSS Statistics for Macintosh, Version 26.0. Armonk, NY:
IBM Corp.). Normality of variables was assessed with P-P plot, Kolmogorov-
Smirnov, and Shapiro-Wilk tests. Correlation between volume of calcifications in CT
and radial-VIBE was assessed with Spearman’s rank correlation coefficient (p), and
linear regression. This is an exploratory, hypothesis-generating, study. The research
question was prospectively defined and was considered in the design of the source

studies. However, the sample size of the source studies was determined in relation to
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primary end points unrelated to the methods described in this report. A post-hoc

power calculation was not performed.

Spearman’s rank correlation coefficient was also used to investigate the association
between volume of aortic calcifications (detected by CT and radial-VIBE separately)
and CAC Agatston score assessed by CT?!,

Bland-Altman plots were constructed, and mean bias (radial-VIBE volume minus CT
volume) and 95% limits of agreement (LOA) were calculated between CT and radial-
VIBE volume. However, as the assumptions of constant mean bias and standard
deviation of differences were violated, linear regression was used to model the
relationship between mean bias and the mean of calcium volume®*?. The standard

deviation of the residuals from regression were then used to estimate 95% LOA.

To assess the degree of consistency and absolute agreement between CT and radial-
VIBE volume, intra-class correlation coefficient (ICC) estimates and their 95%
confidence interval (CI) based on a single-rating and 2-way mixed model were
calculated. ICC was also used to measure intra- and inter-observer reliability of
quantitative analysis by randomly sampling and reanalysing 10 paired CT and radial-
VIBE scans after blinding of original volume scores. Weighted Cohen’s kappa (i)

coefficient was used to assess inter-observer reliability of qualitative scores.

Sensitivity analyses

As a pre-specified sensitivity analysis, where there was a large discrepancy in the
detected calcium volume between radial-VIBE and CT, the area of analysis was
reassessed to check for any difference in ROI selection. A re-analysis of the volume
of calcification would be done as part of sensitivity analysis if there was a clear
discrepancy in area of analysis. This would remove blinding and therefore would be
purely exploratory. Data points with standard residuals of 3 or more detected by linear
regression were considered as outliers and a sensitivity analysis excluding them was

performed.

Results
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Baseline characteristics

A total of 96 participants was included in the analysis (24 from TICKER, 72 from
ViKTORIES). Twelve were excluded from analysis (1 from TICKER, 11 from
ViKTORIES) due to various reasons (See supplementary material S5.1).

Supplementary material S5.1: Flowchart of cardiovascular magnetic resonance

(CMR) and computed tomography (CT) scans available for analysis.

CT and/or CMR images were obtained from 108
patients.

VIKTORIES trial: 83 patients

TICKER trial: 25 patients

Excluded

A

12 patients were excluded from
analysis
* VIKTORIES trial: 11 patients
* TICKER trial: 1 patient
Reasons:
* Aorta out of view: 6 patients
* Missing paired CMR images:
6 patients

Included

v
Paired CT & CMR images from 96 patients were
analysed

VIKTORIES trial: 72 patients

TICKER trial: 24 patients
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The relevant demographic and disease characteristics of the VIKTORIES and
TICKER participants are shown in Table 5.1. The mean age of study participants was
59.6 years, a third were female and a third were current or ex-smokers (Table 5.1).
Due to the selection criteria chosen for their respective studies, all the TICKER
participants were receiving hospital-based intermittent haemodialysis, while
ViKTORIES trial participants had a functioning kidney transplant. The median RRT
vintage was 2 years for TICKER participants and 7 years for VIKTORIES
participants (Table 5.1). The mean estimated glomerular filtration rate (¢GFR) for
patients with a functioning kidney transplant (i.e. VIKTORIES participants) was 52.5
ml/min/1.73m? (SD: 21.8 ml/min/1.73m?).
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Table 5.1 - Characteristics of TICKER and ViKTORIES participants at baseline.

Characteristics VIKTORIES TICKER Combined
N=72 N=24 N=96
Mean age + SD* (year) | 57.9+8.9 64.7 +1.86 59.6 (9.3)
Male sex (%) 45 (62.8) 15 (62.5) 60 (66.7)
White race (%) 70 (97.2) 21 (87.5) 91 (94.8)
Diabetes (%) 18 (25) 11 (45.8) 29 (30.2)
Smoking status (%)
Non-smoker 47 (65.3) 18 (75.0) 65 (67.7)
Ex-smoker 19 (26.4) 5(20.8) 24 (7.3)
Current smoker 6 (8.3) 1(4.2) 7(25.0)
Previous cardiovascular | 17 (23.6) 11 (45.8) 28 (29.2)
disease T
Mean eGFR + SD|52.5+21.8 - -
(ml/min/1.73m?) }
Renal replacement therapy (RRT) vintage (years)
Median 7.10 1.96 -
Interquartile range 10.48 2.69 -

*SD denotes standard deviation.

1 Participants were considered to have previous cardiovascular disease if they had one

or more of the following: history of ischaemic heart disease, heart failure, coronary

revascularisation (including percutaneous coronary intervention and/or coronary artery

bypass graft), stroke and/or transient ischaemic attack, and/or peripheral arterial

disease.

1 eGFR denotes estimated glomerular filtration rate.

Radial-VIBE vs CT volume

The median volume of calcification quantified was 191 mm? (range 0 to 1572; IQR

189 mm®) by radial-VIBE and 11 mm? (range 0 to 4982; IQR 274 mm°) by CT.

Figure 5.3 illustrates the scatterplot of volume of TAC measured by radial-VIBE and
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CT. CT did not detect calcification in a proportion of participants (41.7%), while
radial-VIBE detected signal which the algorithm incorrectly reported as calcification
in all of those individuals (ranging from 65 to 482 mm?). There was only one case

when calcification was detected in CT (2.2 mm?) and none in radial-VIBE.

Figure 5.3 - Scatterplot of thoracic aortic calcification volume measured by radial-
VIBE against computed-tomography (CT).

Red solid line is the line of best fit and green dashed lines represent its 95%
confidence intervals (Cl); black dashed line is the line of unity. The linear regression
equation and R-squared value are on the bottom right; Spearman’s rank correlation

coefficient (p), with its 95% CI and p-value, are on the top left.
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Spearman’s rank correlation coefficient was assessed as variables were not normally
distributed. There was a positive monotonic correlation between radial-VIBE and CT
calcification volume (p = 0.607, 95% CI (0.449, 0.728), p <0.001). Linear regression
equation for radial-VIBE volume was 192.4 + 0.31 CT volume.
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The ICC estimates based on single-measure and 2-way mixed effects model for
consistency and absolute agreement were similar (ICC for consistency: 0.537, 95% CI

(0.378, 0.665); ICC for absolute agreement: 0.539, 95% CI (0.380, 0.667)).

According to the Bland-Altman plot (Figure 5.4), the bias (radial-VIBE volume minus
CT volume) and standard deviations of the differences were proportional to the
magnitude of mean volume (i.e. proportional bias was present). However, the
direction of the bias inverted with increasing volume: at lower calcification volume,
the differences tended to be positive (i.e. radial-VIBE values were higher than CT),
while as the mean volume of calcification detected by CT and radial-VIBE increased,
radial-VIBE values decreased proportionally relative to CT values and the bias

became increasingly negative.
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Figure 5.4 - Bland-Altman plot of difference in calcification volume against mean

calcification volume.

Difference in calcification volume = radial volumetric interpolated breath-hold
examination (radial-VIBE) minus computed tomography (CT) volume. The linear
regression equations for bias and its estimated regression based 95% limits of
agreement (LOA) are on the top right. Blue solid line represents bias; green-dashed
lines are the estimated regression based 95% LOA; black-dashed lines are the crude

95% LOA.
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The relationship between bias and mean calcium volume modelled with linear
regression was: Bias = 267.4 — 0.97 mean volume. P-value of the slope (-0.967) was
<0.001, thus confirming that the difference in volume is related to the magnitude of
volume (i.e. mean volume). The 95% LOA could be visualised in Figure 5.4, which
illustrates that the standard deviations of the differences between radial-VIBE and CT

results were also related to the mean volume.

Intra- and inter-observer reliability

The intra-observer reliability based on absolute agreement and 2-way mixed effects
model was 1.00 for CT and 0.993 (95% CI (0.957, 0.998), p < 0.001) for radial-VIBE
measurements. The inter-observer reliability using the same measures was 1.00 for

CT and 0.990 (95% CI (0.959, 0.997), p<0.001) for radial-VIBE.

Comparison with Coronary Artery Agatston Score

There was a positive association between TAC volume detected by CT and CAC
Agatston score (p = 0.404, 95% CI(0.214, 0.565), p<0.001). Meanwhile, there was
also a positive, but weaker, association between TAC measured by radial-VIBE and

CAC Agatston score (p =0.211, 95% CI (0.008, 0.396), p = 0.039).

Outliers & Sensitivity Analyses

Three participants were identified as outliers as their standard residuals were larger
than 3. The sections of aorta that were analysed on the CT and radial-VIBE in these
patients were reviewed and deemed to be similar. Radial-VIBE images from 2 of the
patients were of poor quality and had obvious artefact, which was likely to have
influenced the results. No obvious explanation was found for the other outlier.
Sensitivity analyses were performed with exclusion of these 3 outliers and the results
remained relatively unchanged (results, scatter plot and Bland-Altman plot included

in supplementary material S5.2 and S5.3).
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Supplementary material S5.2: Sensitivity Analysis (with 3 outliers excluded)

Results and Scatterplot.

Sensitivity Analysis: radial-VIBE vs CT
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Supplementary material S5.3: Sensitivity Analysis Bland-Altman plot.

Sensitivity Analysis Bland-Altman Plot
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Qualitative assessment

The mean Likert score for the subjective, qualitative assessment of radial-VIBE
compared to CT was 4.6 (SD 0.8). There was good agreement between the individual
scores from the 2 observers (k = 0.822, 95% CI (0.717, 0.927), p <0.001). For the
subgroup of 40 participants in whom quantitative analysis showed falsely detected
‘calcification’ on radial-VIBE that was not present on CT, the mean Likert score was
4.6 (SD 0.9). A total of 31 (78%) of these scored excellent agreement for no
calcification being present, while 8 were downgraded for small volume false-positive
findings on radial-VIBE, with one also having a small volume of false negative. In

one participant, radial-VIBE correctly identified a small area of calcification that was
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present on the CT, but which was subsequently removed from the CT images when
the median filter was applied for quantitative analysis. Figure 5.5 shows case
examples of when the subjective assessment of the paired scans yielded excellent
agreement but the semi-automated, quantitative algorithm resulted in both over-

detection and under-detection of calcification.
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Figure 5.5 - Representative images of under-detection (A, B) and over-detection (D,

E) on radial-VIBE compared to CT.

Images A and B are axial slices of radial-VIBE and image C is an axial slice of CT
from the same patient. Red arrows on images A and B indicate calcifications, which
appear as hypointense voxels. Red areas on image B illustrate the voxels that are
considered as calcifications by the segmentation algorithm. Images D and E are
identical axial slices of radial-VIBE belonging to another patient, and image F is the
corresponding CT slice. Red areas on image E are the voxels considered as
calcifications by the segmentation algorithm, which are likely to be noise and not
genuine calcifications. For these 2 patients, the subjective analysis was deemed
excellent agreement between radial-VIBE and CT, despite the quantitative analysis

differing significantly.

Discussion

This study confirms that radial-VIBE can be used to detect and quantify TAC with a
positive association when compared to the gold standard CT. On subjective
assessment radial-VIBE performs well when compared to CT, but when quantifying
volume using a semi-automated method, the association is imperfect and proportional

bias is observed. Compared to CT, radial-VIBE over-estimates the volume of
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calcification when minimal calcification is present and under-estimates it when

extensive calcification is present.

At lower mean volume of calcium, radial-VIBE had systematically higher volume of
calcified lesions than CT. Several reasons might be responsible for this discrepancy.
Firstly, it might be due to the presence of noise on radial-VIBE images, which had
been falsely detected as calcification (Figure 5.5). The application of a median filter
to reduce noise on radial-VIBE images was attempted but it affected the detection of
obvious calcium lesions as well. On the other hand, a median filter was applied on the
CT images, which could have contributed to the difference. Smaller calcified lesions
were possibly removed by the filter, and hence explain the over-estimation of
calcification volume when low levels of calcification were present, with one definite
instance of this discovered on qualitative assessment. As an exploratory post-hoc
analysis, we re-analysed the 40 participants who had calcification detected on radial-
VIBE but not on CT. Removing the CT filter for these participants did not produce a
meaningful improvement in results (data not shown). It is also possible that radial-
VIBE images were affected by the presence of other compounds (e.g. haemosiderin)
undetected by CT, which resulted in the presence of susceptibility artefacts. Due to
the use of a proton density-weighted in-phase acquisition providing a bland image
contrast, the boundaries of the aortic wall were visually obscured on most radial-
VIBE scans. This made accurate delineation of the aorta challenging. It was likely
that non-aortic voxels were included as ROI, which could introduce more noise and
affect the segmentation algorithm’s calculation of the threshold. Lastly, this study
used a substantially larger voxel size than reported in a prior study of aorto-iliac and

46, 5o that partial volume averaging of the low-signal

ilio-femoral calcifications?
calcifications with surrounding tissues may have been a more significant issue than in
the prior study. Until improvements in radial-VIBE image quality are realised, a
stepped analysis approach in which a subjective assessment is performed prior to
algorithmic quantification of calcium deposits may negate some issues surrounding

the false positive rate observed in the present study.

At higher mean volumes of calcium, radial-VIBE volumes were smaller than CT
volumes. The reason for this could be due to blooming artefact of calcifications on

CT, inappropriately magnifying dense lesions resulting in overestimation of their
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volume?3

. However, this assumes vascular calcification is more susceptible to
blooming artefact on CT than MRI, which may not be true. Another factor could be
the presence of noise within the aorta of some radial-VIBE images that could cause
uneven signal intensity and inflate the standard deviation (Figure 5.5). Consequently,
the threshold for calcification would be extremely high and thus, diminish the
segmentation algorithm’s ability to detect calcification. This was found to be the case
for one of the outliers that was identified, and another one in which radial-VIBE did
not pick up any calcification but the paired CT did. The same effect could also occur
when very large, dense areas of calcification are present, such that the calcium signal

impacts on the mean intensity of the vessel lumen and subsequently, the threshold for

calcification.

This study has several strengths. Firstly, the scanning protocols were standardised to
limit variability. Secondly, CT and radial-VIBE images analysed in this study were
obtained within 24 hours of each other, so the amount of calcification present in the
patient’s thoracic aorta would be identical during the acquisition of both scans.
Thirdly, by studying patients with ESRD, who have a higher vascular calcium burden

than their age- and sex-matched controls®>*

, we could compare calcium quantification
across a range of severity (as evident by the present results showing CT calcium
volume ranging from 0 to 4982 mm?). The present findings would be applicable to
other patient groups with a propensity towards vascular calcification including those

with diabetes?’, cardiovascular disease?>* and elderly patients®°.

One of the limitations of this project was the manual delineation of aorta in the
analysis of radial-VIBE images, whereas CT images were analysed with a more
automated approach. Besides the poor definition of aortic wall in radial-VIBE images
impairing the accuracy of manual segmentation as previously mentioned, manually
drawing ROI was time-consuming and was less reproducible than CT analysis.
However, several reasons led to that decision. Unlike CT, where the Hounsfield unit
is calibrated with reference to water and its values are comparable among patients, the
absolute signal intensity in MRI is not. The signal intensity is affected by various
factors, which include proton density, pulse sequence, types and strength of magnet

257

used for scanning™’. Thus, the magnitude of signal intensity of the same tissue (e.g.

heart) may vary across individuals. Consequently, it meant that calcium has no
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‘absolute’ value which we could use for thresholding and segmentation. Instead,
thresholding calcification in MRI images was dependent on its relative signal
intensity compared to surrounding voxels — hence we used signal intensity greater
than 2.5 SD below the mean signal intensity of ROI. This approach for thresholding
calcifications in MRI images was used by Serhal ef al. in their study, where 2 and 3
SD below the mean were classified as calcifications in the aorto-iliac and femoral
arteries, respectively?*S. Due to the poor image quality of some scans in this study
(often due to loss of signal from the large field of view/participant body habitus), 2
SD was not used as it could not sufficiently distinguish calcifications from noise,
while 3 SD would significantly impair the detection of calcium with relatively low
signal intensity. Furthermore, the thoracic aorta is near the air-filled lungs which are
also hypointense. Segmenting the aorta while avoiding the lungs was crucial in order
to prevent the mistake of identifying voxels in the lungs as calcification. Initially, the
creation of a mask of the aorta from HASTE (Half-Fourier-Acquired Single-shot
Turbo spin-Echo) images to segment the aorta was explored. Unlike radial-VIBE
images, HASTE images have good aortic definition and manual segmentation is
easier. Unfortunately, it was not possible to use the HASTE mask to subtract
surrounding tissues from the radial-VIBE images due to different image parameters

on the acquired scans (e.g. slice thickness and resolution).

Another limitation was that the typical CT scans for CAC do not cover the aortic arch
and proximal descending thoracic aorta, which made it more challenging to find a
common anatomical landmark in CT and radial-VIBE images to ensure that similar
segments of the aorta were analysed. Additionally, the aortic arch and proximal
descending thoracic aorta have been shown to be the areas of the aorta most prone to
calcification®® and it would have been useful to compare the detection of calcification

by radial-VIBE and CT in those aortic segments.

The discrepancy in TAC volume between radial-VIBE and CT suggests that CT
should remain the primary modality for assessing vascular calcification in clinical
practice. Furthermore, CT has the advantages of wider availability, lower cost, and
faster acquisition time compared to radial-VIBE. However, there is no doubt that
radial-VIBE can detect vascular calcification and, if improvements in image quality

are realised, it may be a plausible alternative to CT in the future, particularly where
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patients are undergoing magnetic resonance angiography studies where additional
information on calcified plaque can be valuable. The near-future role of radial-VIBE
is perhaps best suited to realm of research, where its lack of ionising radiation can
allow serial imaging, either as part of longitudinal study trying to monitor the
progression of vascular calcification, or to assess the impact of therapeutics in clinical
trials. Radial-VIBE has the additional benefit of allowing other CMR sequences to be
acquired, thus providing information on the possible effects of therapies on cardiac
structure and function, as well as aortic distensibility. However, ensuring adequate
image quality would be essential to allow accurate quantification of TAC using

radial-VIBE sequence.

Conclusions

In conclusion, this study supports the hypothesis that radial-VIBE can detect thoracic
aortic calcification. However, there is proportional bias in the measurement of
calcium volume by radial-VIBE compared to CT. Quantification of vascular
calcification by radial-VIBE remains a promising area for future research, but
improvements in image quality (e.g. through the use of optimised protocols, smaller

voxels and motion correction) are necessary.
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Abstract

Background: Myocardial fibrosis is prevalent in patients with kidney failure.
Extracellular volume fraction (ECV) measured on cardiovascular magnetic resonance
(CMR) imaging is the gold standard non-invasive method for quantifying myocardial
fibrosis but is not routinely used in patients with kidney failure due to the concerns
regarding gadolinium-based contrast agent exposure. We compared an alternative
technique using ECV measured by contrast-enhanced cardiac computed tomography

(ECVcr) with myocardial native T1 time on MRI in patients on haemodialysis.

Methods: Prospective, single centre, observational study, in which patients on regular
hospital haemodialysis underwent CMR with native T1 mapping and ECVcr prior to
dialysis. For the CT analysis, pre-contrast, post-contrast and delayed post-contrast (5
minutes) scans were acquired. Measurements from manually drawn regions of interest

were combined with a venous haemotcrit to calculate ECVcr).

Results: Twenty-three participants (15 male, mean age 65.8 +/- 9.1 years) with a
median duration of renal replacement therapy of 2.9 (1.4, 4.1) years. There was no
correlation between ECVcr and native T1 time (global, septal or mid-ventricular
anteroseptal) across 3 independent observers. The intraclass correlation coefficient for

the inter-observer reproducibility of ECVcrwas 0.34.

Conclusion: There was no correlation between ECV-CT and native T1 in this small
cohort of patients requiring dialysis. The study was limited by small sample size and
the lack of a gold standard comparator without administering gadolinium-based
contrast agent. It is possible that factors specific to kidney failure, for instance altered

contrast pharmacokinetics, may impair the utility of ECV-CT in this population.

Keywords: Cardiovascular CT. Cardiovascular MRI. Myocardial fibrosis. Chronic

kidney disease. Dialysis.
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Introduction

Patients with chronic kidney disease (CKD) are at a greatly increased risk of
cardiovascular disease.*! This risk is most pronounced in patients with established
kidney failure requiring dialysis, for whom cardiovascular disease is the single most
common cause of death and accounts for between 25-40% of all deaths **7.
Myocardial fibrosis is believed to be the pathophysiological mechanism driving this
increased cardiovascular risk *¢ and accounts for the unique cardiovascular
phenotype observed in patients with CKD: with relatively fewer deaths due to
atherosclerotic events but more deaths due to sudden cardiac death and heart failure
44-47.33 Previous successes using gadolinium-enhanced magnetic resonance imaging
(MRI) to examine diffuse myocardial fibrosis in CKD !'%!!7 have been hindered by
the subsequent discovery of an association between linear chelate gadolinium-based
contrast agents and the very rare disease nephrogenic systemic fibrosis 2*°.
Accordingly, there is clinical need for novel non-invasive biomarkers to improve the

diagnosis and management of myocardial fibrosis in patients with CKD.

Myocardial extracellular-volume (ECV) measured on gadolinium-based contrast
agent (GBCA) enhanced MRI (ECV-MRI), is the gold-standard non-invasive
technique for quantifying diffuse myocardial fibrosis and is a validated clinical
biomarker that predicts mortality in patients with diabetes and heart failure
131.134215.217.260 ‘However, this requires GBCA administration, for which there are
residual clinical concerns in patients requiring dialysis. Previous studies have
suggested that it is possible to calculate ECV using contrast-enhanced CT (ECV-CT),
rather than GBCA-enhanced MRI. This involves comparing the relative change in CT
signal intensity pre- and post-contrast for the myocardium compared to the blood
pool, with results standardised to the individual’s haematocrit. ECV-CT has
advantages over ECV-MRI in that is potentially more widely available, has
significantly faster acquisition time, is readily comparable between scanners and has
fewer contraindications. In addition, ECV-CT is calculated from the direct impact of
the iodinate-based contrast on the measured signal, as opposed to ECV-MRI which
relies on the assumptions that the relaxivity of muscle and blood are equal and that
water freely passes between compartments '**. In patients with cardiac amyloid and

aortic stenosis ECV-CT highly correlated with ECV-MRI (r* = 0.85) ¥, and it has
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been shown to predict adverse clinical outcomes in patients with aortic stenosis 26!

ECV-CT is a particularly appealing biomarker in patients requiring dialysis due to
their propensity toward myocardial fibrosis, and one study has found ECV-CT values
to be significantly higher in dialysis patients compared to controls >, Although
iodine-based contrast has historically been linked with acute kidney injury, recent
data suggests this risk is much smaller than previously thought 26324 and the
available clinical data in patients on regular dialysis is very reassuring 26°-26%, In the
absence of administering GBCAs, myocardial native T1 time is the most promising
MRI biomarker to-date for CKD, and as such is the best alternative surrogate for
ECV-MRI 13206 n this study, we compared ECV-CT with myocardial native T1

time on MRI in patients undergoing regular maintenance haemodialysis.

Methods

Participants

Individuals aged greater than 40 years who were established on regular, day-time
hospital-based haemodialysis for at least 6 months were eligible for inclusion.
Exclusion criteria included allergy to iodine-based contrast media, standard contra-
indications to MRI and overt heart failure (defined as no previous clinical diagnosis of
heart failure or with preserved left ventricular ejection fraction (>50%) on their most-
recent transthoracic echocardiogram). Participants had to be able to comply with
study procedures and provide informed consent. Participants were required to have a
history of recurrent fluid overload (defined as ultrafiltration volumes of at least 1.5
litres mean fluid removal over the preceding 3 dialysis sessions) to facilitate a sub-
study comparing CMR changes in response to fluid removal on dialysis
https://clinicaltrials.gov/ct2/show/NCT03704701). Favourable ethical opinion was
granted by the West of Scotland Research Ethics Committee 1 (Ref: 18/WS/0138).

All study procedures were carried out in accordance with local guidelines and

regulations and with respect to the declaration of Helsinki.

Sample Size
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A total of 25 participants are required to identify a correlation coefficient of 0.6

between ECV-CT and native T1 time on CMR with power 0.90 and alpha 0.05.2%>

Study Protocol

This is a single centre observational study. Participants attended for CMR and
contrast-enhanced CT within 24 hours prior to their scheduled dialysis session. Bio-
impedance body composition monitoring (Fresenius Body Composition Monitor,
Fresenius Medical Care, Hong Kong), and venepuncture for routine samples were
also performed. All imaging was conducted at The Clinical Research Imaging Facility

of the Queen Elizabeth University Hospital in Glasgow.

CT image acquisition

Electrocardiogram-gated scans of the heart were acquired in a single heartbeat using
an Aquilion ONE Vision Edition CT scanner (Canon Medical Systems Ltd., Crawley,
UK) with the following parameters typical: up to 320 detector rows with z-axis
coverage 12-16 cm, 120 kVp, tube current time product 160 mAs, prospective ECG
gating 65-75% of R-R interval and dose modulation algorithms switched off. lomeron
400 (Iomeprol) contrast was administered at a dose of 0.8 ml/kg at a maximum rate of
7 ml/sec with a 50 ml saline chaser, as per clinical CT coronary angiogram protocols
269 No additional rate control was administered due to risks of fluid overload,
hyperkalaemia and intradialytic hypotension. Images were acquired pre-contrast,
post-contrast (bolus-tracked for arterial phase with contrast monitoring in left
ventricle) and delayed post-contrast (5 minutes after contrast administration). Images

were reconstructed to 3mm/3mm thick axial sections with a FC03 kernel.

CT image analysis

A manual ROI method of ECV-CT measurement was performed using Horos
software (Annapolis, USA). Horos is a free and open-source code software (FOSS)
program that is distributed free of charge under the Lesser General Public License at

Horosproject.org and sponsored by Nimble Co LLC d/b/a Purview in Annapolis, MD
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USA. Pre-, post-, and delayed-contrast images were loaded into the viewer. A
polygonal ROI was manually drawn in a central area of mid left ventricular (LV)
septum on the post-contrast image. An additional blood pool ROI was drawn in the
LV cavity, with care taken to avoid papillary muscles and artefact. The ROIs were
first copied onto adjacent slices on the contrast images as quality control to ensure
only myocardium and blood pool were included as appropriate. The ROIs were then
pasted into the corresponding pre- and delayed-contrast images (Figure 6.1). Pre- and
delayed-contrast ROIs were only manipulated if definite artefact avoidance or
repositioning were required. Mean ROI signal intensity in hounstfield units (HU) was
then transcribed and ECV-CT calculated using the following formula '*%:

ECV-CT = (1 — haematocrit) x (change in HUjssue/change in HUplood)

The primary observer (AJR) batch analysed all CTs and CMR in a random order with
anonymised CMRs relabelled to enable blinding. In addition, 2 independent blinded

observers (EE and SR) analysed all CTs to assess inter-observer variability.

Figure 6.1 - Representative images of 4 chamber long axis views of the heart
acquired using electrocardiograph-gated computed tomography pre-contrast (A),
arterial phase post-contrast (B) and delayed post-contrast (5 minutes after contrast

administration) (C).

ROIs were drawn on the contrast-enhanced image and then copied onto the
corresponding pre-contrast and delayed post-contrast images to allow offline

calculation of extracellular volume.
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CMR Native T1 Image Acquisition

CMR images were acquired using a 3T MRI scanner (Prisma, Siemens Erlangen,
Germany) with an 18-channel surface coil placed anteriorly and a 32-channel spine
coil placed posteriorly. For native T1 mapping, basal, mid and apical short axis views
were acquired using Siemens MyoMaps. Non-contrast, motion-corrected, optimized,
modified Look-Locker inversion recovery sequences were used with the following
typical parameters: FOV 340 x 272 mm, slice thickness 6.0 mm, voxel size: 1.9 x 1.9
x 6.0 mm, TR 272 ms, TE 1.12 ms, flip angle 35 degrees, minimum T1 100 ms,

inversion-time increment 80 ms, bandwidth 1085 Hertz/pixel.

CMR Image Analysis

CMR analysis was performed utilizing dedicated CMR software (cvi42 software
(version 5.10, Circle Cardiovascular, Canada)). Myocardial mass and volumes were
measured in accordance with current guidelines '*° and have been described in detail
previously 2’°. Scanner derived T1 maps were used. Epi- and endocardial borders
were manually drawn on the basal, mid and apical maps. Areas of obvious artefact
were excluded from regions of interest (ROI). A 10% epi- and endocardial offset was
applied to ensure only myocardial tissue was included. Blood pool ROI were drawn in
the LV cavity on each slice, with care taken to avoid artefact and papillary muscles.
Left and right ventricular insertion points were added to allow automatic division of
segments according to the American Heart Association’s 16 segment model 24,
Global values were derived by averaging results from all three short axis slices. Septal
values were reported as the mean of segments 2, 3, 8, 9 and 14. The mid-ventricular
anteroseptal (segment 8) value was reported as the segment least likely to be affected
by motion artefact or infarct (due to collateralisation) and most akin to the manual
ROIs drawn on long-axis views of the CT. A second independent observer (KM)
analysed a random sample of CMRs representing >30% of the cohort to assess inter-

observer variability.

Statistical Analysis
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Continuous data with a normal distribution are presented as mean + standard
deviation (SD), and median and interquartile range (IQR) for skewed data, with
normality defined according to Shapiro-Wilk test. Pearson Correlation Coefficient
was used to compare the relationship between continuous variables. Intra- and
interobserver variability was assessed by the intra-class correlation (ICC) coefficient
(two-way mixed effect, absolute agreement, single measures). Statistical analysis was

performed, and data plots created, using SPSS (version 27, IBM Corp, New York).

Results

Participant characteristics

Twenty-eight participants were recruited between 19" October 2018 and 9" March
2020. Recruitment was stopped early (target n=30) due to the COVID-19 pandemic. 2
participants withdrew consent prior to any study procedures and 3 did not receive
contrast (2 due to inability to achieve intravenous access, 1 due to a contrast allergy
which was identified on a clinical scan between recruitment and visit 1). Twenty-three
participants were included in the analysis, of whom 15 were male and mean age was
65.8 +/- 9.1 years. Median duration of renal replacement therapy at time of
recruitment was 2.9 (1.4, 4.1) years. All participants had a history of recurrent fluid
overload with mean ultrafiltration volume of 2.11 (+/- 0.4) from the preceding 3
dialysis sessions prior to recruitment. CMR and CT were acquired within 1 hour of
each other for all participants. Additional baseline characteristics are included in

Table 6.1.
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Table 6.1 - Baseline characteristics. Values are displayed as count (percentage), mean

+ standard deviation or median (interquartile range), as appropriate.

N=23

Age, years 65.8 9.1
Male 15 (65%)
Primary renal diagnosis

Diabetes 7 (30%)
Glomerulonephritis 5(22%)
Polycystic 1 (4%)
Tubulo-interstitial nephritis 2 (9%)
Unknown 3 (13%)
Other 5(22%)
Duration of renal replacement therapy (years) | 2.9 (1.4,4.1)
Dialysis access

Catheter 8 (35%)
Arterial venous fistula 11 (48%)
Arterio-venous graft 4 (17%)

Body mass index (kg/m2)

30.7 (26.7, 37.5)

Volume of fluid overload as measured on
bioimpedance (1)

0.221(-0.85, 2.45),

Left ventricular ejection fraction, %

Smoking

Previous 8 (35%)
Current 1 (4%)
Hypertension 21 (91%)
Previous myocardial infarction 3 (13%)
Angina 5(22%)
Stroke 6 (26%)
CMR parameters

Left ventricular mass index, g/m? 55.8 +/-23.5
Left ventricular end-diastolic volume index, 100.8 +/- 34.6
ml/m?

Left ventricular end-systolic volume index,

ml/m? 49.8 +/-32.3
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52.6 +/-10.9
Myocardial native T1, ms

Global

Septal 1283 +/- 51

Mid-ventricular anteroseptal 1313 +/-52
1306 +/- 59

Myocardial native T2, ms

Global

Septal 42.6 +/-3.4

Mid-ventricular anteroseptal 43.8 +/-3.9
42.7+/-3.3

ECV-CT and native T1 time

There was no correlation between ECV-CT and native T1 time (global, septal or mid-
ventricular anteroseptal (segment 8)) across any of the 3 observers (Table 6.2; Figure
6.2). The intra-observer reproducibility (ICC) for ECV-CT for the primary observer
(AJR) was 0.62. The inter-observer reproducibility (ICC) for ECV-CT was 0.34
overall (0.35, 0.59 and 0.42 for each pair). Supplementary material S6.1 includes the
individual ECV-CT results for each observer. The reproducibility of native T1 was
very good (intra-observer reproducibility (ICC) for global, septal and mid-ventricular
anteroseptal native T1 were 0.98, 0.93, 0.81 with corresponding values for inter-
observer reproducibility of 0.95, 0.94, and 0.77, respectively). Post-hoc subjective
review of cases where ECV-CT values differed between observers did not find fault
in the different ROIs chosen, as demonstrated in supplementary material S6.2, which
includes a case example highlighting the slice-by-slice differences that can occur in

ECV-CT measurements.
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Table 6.2 - Correlation between extracellular volume measured by contrast-enhanced

computed tomography (ECV-CT) and myocardial native T1 time on cardiovascular

magnetic resonance imaging across 3 independent observers.

ECV-CT (%) ECV-CT (%) ECV-CT (%)
observer 1 observer 2 observer 3
Global T1 (ms) 0.23 -0.26 -0.28
(p=0.30) (p=0.23) (p=0.19)
Septal T1 (ms) 0.22 -0.81 -0.11
(p=0.30) (p=0.71) (p=0.63)
Mid-ventricular 0.27 -0.53 -0.008
anteroseptal (p=0.22) (p=0.81) (p=0.97)
(segment 8) T1
(ms)
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Figure 6.2 - Scatter plots of ECV-CT (%) compared to myocardial native global (A),

septal (B) and mid-ventricular anteroseptal (C) T1 (ms). Data shown from observer 1.
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Supplementary material S6.1. Table showing the results for extracellular volume

measured on CT (ECV-CT; %) for each of the 3 observers.

Observer 1 | Observer 2 | Observer 3
1 324 31.6 32.8
2 27.4 37.5 325
3 30.8 35.6 29.8
4 32.6 33.0 35.1
5 33.8 36.3 33.7
6 28.5 31.6 32.7
7 30.8 31.2 293
8 33.5 30.7 31.7
9 24.5 28.2 24.5
10 29.4 37.5 30.8
11 27.0 325 45.4
12 34.6 31.1 323
13 51.7 37.1 30.8
14 33.8 37.9 29.4
15 37.7 38.2 36.3
16 33.2 33.7 35.0
17 35.1 51.8 44.8
18 32.9 32.9 42.4
19 35.5 32.7 40.8
20 37.0 48.9 33.1
21 34.7 57.8 43.3
22 26.9 18.6 21.6
23 28.5 26.0 40.2
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Supplementary material S6.2. Images from a representative case of adequate quality

highlighting the slice-by-slice differences in ECV-CT measurements, which we

believe accounts for the lack of correlation with CMR parameters and the poor

reproducibility within our data set. A, B, and C repeat the exemplary images

displayed in Figure 6.1, but with region of interest (ROI) data displayed. Panels D, E

and F are the same case, with the same ROIs drawn 1 slice apart (i.e. 3mm difference

in slice location). The table underneath includes the mean ROI signal intensity in

hounsfield units (HU) and haematocrit data that was used to calculate ECV-CT, and

shows the large discrepancy in calculated ECV-CT from slices 3mm apart, despite

absence of obvious artefact, scar or significant mal-alignment or mis-registration.

Slice location 1595.88 mm, ECV = 35.11%

Slice

location | Haematocrit | HU tissue | HU blood | HU tissue | HU blood

(mm) (%) pre pre post post ECV-CT
1595.88 | 32.2 40.519 33.722 66.968 84.798 35.109
1592.88 | 32.2 36.045 33.809 73.098 84.896 49.174
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ECV-CT and other parameters of interest

ECV-CT did not correlate with global T2, septal T2, or mid-ventricular antero-septal

T2 times across any of the 3 observers (supplementary material S6.3). Similarly, there

was no correlation between ECV-CT and left ventricular mass, left ventricular mass

index, left ventricular ejection fraction or fluid overload (measured by bioimpedance

body composition monitoring) (supplementary material S6.3).

Supplementary material S6.3. Correlation between extracellular volume measured

by contrast-enhanced computed tomography (ECV-CT) with cardiovascular MRI and

clinical parameters of interest across 3 observers. There were no significant

correlations detected.

ECV-CT observer
1

ECV-CT observer
2

ECV-CT observer
3

bioimpedance (1)

Global T2 (ms) 0.14 0.06 0.06

(p =0.51) (p=0.77) (p=0.80)
Septal T2 (ms) 0.09 0.01 0.01

(p=0.68) (p=0.98) (p=0.97)
Mid-ventricular 0.06 0.06 0.10
anteroseptal (segment 8) | (p=0.79) (p=0.80) (p=0.66)
T2 (ms)
Left ventricular mass (g) | 0.09 0.01 0.01

(p=0.68) (p=0.98) (p=0.97)
Left ventricular mass 0.26 -0.05 -0.12
index (g/m?) (p=0.23) (p=0.83) (p=0.59)
Left ventricular ejection | 0.08 -0.18 0.17
fraction (%) (p=0.72) (p=0.40) (p=0.45)
Over-hydration 0.19 0.08 0.04
measured by (p=0.40) (p=0.73) (p=0.85)
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Discussion

In this small prospective study in a cohort of patients undergoing regular
haemodialysis there was no association between ECV-CT and any CMR parameter of
interest, including myocardial native T1. There are numerous methodological reasons
that could account for the lack of association that are discussed below. However,
given the strength of the association between ECV-CT and ECV-MRI in previous
studies in different patient cohorts '3327! the lack of any association in the present
data raises some concerns that biological reasons relating to kidney failure, rather than
purely methodological limitations, may hinder the application of ECV-CT in patients

requiring dialysis.

The major limitation of the present study is the lack of a gold standard comparator:
myocardial native T1 was used instead of ECV-MRI. This was deliberate and
unavoidable. The risk of nephrogenic systemic fibrosis with modern macrocyclic
gadolinium contrast agents is sufficiently small that gadolinium administration is
often justifiable on clinical grounds in patients with kidney failure requiring dialysis
272 However, in an exploratory research setting where the individual participant
stands nothing to gain, we believed that this risk, although extremely small, was not
justifiable and a recent paper was retracted on these grounds 2’3, Although native T1
is the most promising cardiovascular imaging biomarker in CKD at present, recent
studies have shown that native T1 is acutely modifiable with dialysis, suggesting that
the abnormal native T1 signal in patients with CKD is not entirely due to fibrosis
127270 The present study was small and under-powered: 23 participants were included
whereas it was calculated that 25 were required to detect a correlation of 0.6 between
ECV-CT and myocardial native T1. On one hand, it could be argued that a correlation
of 0.6 is an over-estimation of the reasonably predicted magnitude of an association
between these 2 indirectly related variables and as such a larger sample size would be
necessary. On the other hand, any weaker association would have been of
questionable clinical relevance. Regardless, the scatter plots (Figure 6.2), poor inter-
observer reproducibility (ICC = 0.34) and wide intra-subject variability
(supplementary material S6.2) make it clear that the application of ECV-CT as
performed here in patients on dialysis faces significant barriers irrespective of the

sample size studied. It may be that the intra-subject variability (supplementary
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material S6.2) can be improved with technical modifications. Additional heart rate
control was not utilised in the present protocol due to the risk of causing intra-dialytic
hypotension, exacerbating pulmonary oedema, and increasing vulnerability to
hyperkalaemia-induced bradycardia in patients who were due dialysis imminently.
However, these risks would be reduced if scanning was performed the day after
dialysis which may allow additional heart rate control, which in turn may improve
image resolution, reduce motion artifact, and aid registration between pre-contrast and
delayed contrast images. Additionally, the use of dual-energy CT 2’ or spectral CT
would obviate the need for a separate pre-contrast scan, thus removing the risk of mis-
registration between pre-contrast and contrast scans and reducing the time that the
patient has to lie still for while awaiting the delayed contrast sequence. Finally, post-
acquisition software may be able to further improve registration and therefore reduce
the risk that tiny changes in anatomical location can majorly affect the integrity of an

ROI copied from one scan to the next.

It is possible that biological reasons relating to kidney failure account for the lack of
association between ECV-CT and CMR parameters. Fluid overload and hypo-
albuminaemia, which are prevalent in the dialysis population, are likely to affect the
volume of distribution and pharmacokinetics of iodine-based contrast. Furthermore, it
is not clear if the absence of glomerular filtration of the contrast (as would be
expected in patients established on maintenance haemodialysis) will affect the steady-
state concentration of contrast in the blood volume and consequently require a
different time point for acquisition of the delayed images compared to protocols used
in patients with normal kidney function (albeit data on the renal clearance of iodine-
based contrast suggests that negligible renal clearance is likely to occur in 5 minutes
275, Finally, it is possible that the myocardial fibrosis and left ventricular hypertrophy
that occur in kidney failure may cause a proportional increase in intracellular and
extracellular volume, unlike amyloid deposition which has been studied previously

133271 quch that ECV may be the wrong parameter to measure in this population.

Conclusions

In this small prospective study in patients undergoing regular haemodialysis there was

no correlation between ECV-CT and myocardial native T1. ECV-CT remains an

144



appealing imaging biomarker both generally, due to its rapid acquisition time,
widespread availability and the direct effect of iodine-based contrast on the measured
signal (unlike gadolinium effects in CMR), and also specifically in dialysis patients,
due to the prevalence of myocardial fibrosis combined with the persistent concerns
regarding GBCA use in this population. However, using the present ECV-CT protocol
in patients on dialysis has displayed poor intra-observer reproducibility and wide
intra-subject variability. Future studies of ECV-CT in patients undergoing
haemodialysis are warranted but would benefit from imaging on non-dialysis days,
with additional heart rate control and using dual-energy or spectral CT with specific
post-acquisition software to improve registration. Additionally, studies comparing
ECV-CT and ECV-MRI in patients with less advanced CKD who can safely receive
GBCAs are indicated.
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Abstract

Objective: To assess inter-observer reproducibility of different regions of interest

(ROIs) on multi-parametric renal MRI using commercially available software.

Materials and Methods: Healthy volunteers (HV), patients with heart failure (HF)
and renal transplant recipients (Tx) were recruited. Localiser scans, T1 mapping and
pseudo-continuous arterial spin labelling (pCASL) were performed. HV and Tx also
underwent diffusion-weighted imaging to allow calculation of apparent diffusion
coefficient (ADC). For T1, pCASL and ADC, ROIs were drawn for whole kidney
(WK), cortex (Cx), user-defined representative cortex (rep-Cx) and medulla.
Intraclass correlation coefficient (ICC) and coefficient of variation (CoV) were

assessed.

Results: 40 participants were included (10 HV, 10 HF and 20 Tx). The ICC for renal
volume was 0.97 and CoV 6.5%. For T1 and ADC, WK, Cx, and rep-Cx were highly
reproducible with ICC >0.76 and CoV <5%. However, cortical pCASL results were
more variable (ICC >0.86 but CoV up to 14.2%). While reproducible, WK values
were derived from a wide spread of data (ROI standard deviation 17% to 55% of the
mean value for ADC and pCASL, respectively). Renal volume differed between
groups (p<0.001), while mean cortical T1 values were greater in Tx compared to HV
(p=0.009) and HF (p=0.02). Medullary T1 values were also higher in Tx than HV
(p=0.03), while medullary pCASL values were significantly lower in Tx compared to
HV and HF (p=0.03 for both).

Discussion: Kidney volume calculated by manually contouring a localiser scan was
highly reproducible between observers and detected significant differences across
patient groups. For T1, pCASL and ADC, Cx and rep-Cx ROIs are generally

reproducible with advantages over WK values.

149



Introduction

Functional renal imaging is a burgeoning field of research that has the potential to
translate into meaningful clinical applications for patients with kidney disease®’®.
Multi-parametric magnetic resonance imaging (MRI) allows acquisition of multiple
sequences with potential to inform regarding structure, tissue composition, perfusion

and physiology of renal function in a single scan®’’

. However, the clinical utility of
each sequence, and indeed the potential additive benefit of their use together, are yet
to be proven. The immediate research priority in renal MRI is focusing on the
standardisation and harmonisation of image acquisition across research sites and MRI
vendors. This ‘ground-up’ approach is driven by international, independently-funded
working groups including PARENCHIMA?"’, a subsidiary of the European
Cooperation in Science and Technology (COST) Action group, and the UK Renal
Imaging Network (UKRIN), amongst others. As image acquisition is standardised,
scientific scrutiny must also be applied to the methods of analysis. Many of the MRI
sequences employed produce quantitative results from modelling dependent on

278 "and for which the resultant values will vary

measurements using other sequences
depending on whether whole kidney, renal cortex or renal medulla is selected!®’.
Numerous analytic approaches have been reported to date, and the optimal technique
in terms of time and clinical relevance, is not yet known. In addition, the absence of
commercially available analysis software that is specifically designed for unique

interests of renal MRI leads to use of in-house bespoke software which renders

external validation of results challenging.

Our centre has an active renal MRI research group, with current projects exploring the
clinical implications of multi-parametric renal MRI across healthy volunteers'®, as
well as patients with heart failure, chronic kidney disease (CKD)!*? and renal
transplants. We aim to compare different regions of interest (ROIs) and their inter-
observer reproducibility using commercially available analysis software in healthy
and patient populations, including native and transplant kidneys, across a selection of

MRI sequences.

Methods
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Study population and clinical parameters

Patients were recruited from nephrology and cardiology clinics, and from general
advertisement, for the renal transplant (Tx), heart failure (HF) and healthy volunteer
(HV) cohorts, respectively. For Tx and HF patients, the scans were acquired as
baseline imaging for 2 separate ongoing clinical studies (ClinicalTrials.gov:
NCT03705091 and NCT03485092). Basic biometric parameters were measured, and
serum creatinine was measured in accredited clinical biochemical laboratories.
Estimated glomerular filtration rate (¢GFR) was derived using the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation®. All participants gave
written informed consent and regional ethics committee approval was granted; the

study was conducted in agreement with the Declaration of Helsinki.

MRI acquisition

MRI was performed on a Siemens MAGNETOM Prisma 3T scanner (Siemens
Healthcare, Erlangen, Germany) using an 18-channel phased array coil anteriorly and
a 32-channel spine coil posteriorly. Scans for renal volume, perfusion and T1 were
acquired on all patients (Figure 7.1), with the transplant kidney scanned for the Tx
group. Diffusion-weighted imaging (DWI) was performed on the Tx and HV cohorts.

Patients were imaged supine.
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Figure 7.1 - Representative image of each MRI sequence for each participant group.
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Volume: Coronal images were acquired during a breath-hold at expiration using a
steady state free precession sequence (true fast imaging with steady state precession
(TrueFISP)). The imaging parameters used are listed in supplementary material table

S7.1 (HV and Tx cohorts) and supplementary material table S7.2 (HF cohort).

T1: T1 maps were acquired for a single coronal oblique slice through the centre of the

kidney using a modified look-locker inversion recovery (MOLLI)!*!-*”

sequence with
single shot TrueFISP readout®®. For Tx and HV cohorts, images were acquired at 14
different inversion times (TT) (acquisition scheme 11(3)3) with an initial delay of 180
ms after the first inversion pulse and a delay of 260 ms after the second inversion
pulse. The interval between subsequent measurements was 550 ms, resulting in TIs of
180, 260, 730, 810, 1280, 1360, 1830, 2380, 2930, 3480, 4030 4580, 5130, 5680 ms)
and echo spacing of 3.04 ms. The acquisition time was 10 seconds. Images were
acquired during free breathing.

For the HF cohort, images were acquired at 8 different inversion times (acquisition
scheme 5(3)3) with a start TI of 100 ms, a TI increment of 80 ms (inversion times
dependent on captured cardiac cycle) a reported TR of 280-340 ms and echo spacing
of 2.44 ms. Images were acquired during a breath hold. Other imaging parameters are
given in supplementary materials tables S7.1 and S7.2.

Motion correction and fitting of the T1 map was performed using a phase sensitive
inversion recovery reconstruction implemented in the vendor software (Siemens,

VE11C, MyoMaps)?!.

n fZMO T ( —At ) (—(t -7 At)) (1 (—r))
= f—Taex exp| —————— —exp|—
At P Tibiooa P Ty P Ty,
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Supplementary material table S7.1. Imaging acquisition parameters for renal transplant and healthy volunteer cohorts

Volume T1 map pCASL DWI
Orientation Coronal Coronal oblique Coronal oblique Coronal oblique
Sequence TrueFISP* MOLLI pCASL with 3D TGSE readout 2D SE-EPI
TR (ms) 417 Reported TR 550, echo spacing 3.04 6870 2300
TE (ms) 1.31 1.24 30.2 45
Flip angle (°) 37 35 28 (pCASL labelling) 90

180 (TGSE readout)

Field of view (mm*mm) 340%340 360215 300*150 4007400
Matrix 169*256 320*252 96%48 134*134
Slice thickness (mm) 4.5 5 4 5
Slice gap (mm) -1.125 - - 1
Voxel size (mm?) 1.3*1.3*4.5 1.1*1.1*5 3.3*3.3"4 1.5%1.5*5
Number of slices 70 1 16 17
Acceleration GRAPPA R=2 GRAPPA R=2, phase partial Fourier 7/8 - GRAPPA R=3
Acquisition time (min:sec) 00:35 00:10 03:33 (15 measurements) 01:40
Bandwidth (Hz/px) 850 1116 2265 2488

*For TrueFISP acquisition, a Fat-Sat method, where fat appears nulled rather than bright, was applied to improve localisation of transplant kidneys.

This protocol was applied to healthy volunteers.



Supplementary material table S7.2. Imaging acquisition parameters for heart failure cohort

Volume T1 map pCASL

Orientation Coronal Coronal oblique Coronal oblique

Sequence TrueFISP MOLLI pCASL with 3D TGSE readout

TR (ms) 553 Reported TR 295, echo spacing 2.44 6870

TE (ms) 1.68 1.12 31.22

Flip angle (°) 50 35 28 (pCASL labelling)
180 (TGSE readout)

Field of view (mm*mm) 340*380 360*307 150*300

Matrix 460*512 256*169 48*96

Slice thickness (mm) 5 8 4

Slice gap (mm) 0 - -

Voxel size (mm?) 0.7*0.7*5.0 1.4*1.4*8 3.1*3.1*4

Number of slices 39 1 16

Acceleration GRAPPA R=2 GRAPPA R=2, phase partial Fourier 7/8 -

Acquisition time (min:sec) 00:51 00:10 2:24 (10 measurements)

Bandwidth (Hz/px) 1500 1085 2265
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Arterial spin labelling: A pseudo-continuous arterial spin labelling (pCASL) scan®? with
a 3D turbo gradient spin echo (TGSE) readout was acquired during free breathing®. The
prototype sequence comprises a slice-selective presaturation pulse to suppress the signal
from preceding excitations and a frequency-offset-corrected inversion (FOCI) pulse
positioned over the imaging region. This is followed by the pCASL slice-selective
labelling pulse. For background saturation, 4 non-selective hyperbolic secant pulses are
applied, interspersed with 3 slice selective saturation pulses, positioned superior to the
labelling plane. The pCASL labelling plane was positioned in a transverse oblique slice of
thickness 10mm perpendicular to the aorta and superior to the kidneys to label the blood in
the descending aorta (Supplementary Material Figure S7.1). The start time of the pCASL
labelling was 3000 ms and the pCASL duration was 1500 ms with a flip angle of 28°. The
presaturation pulses and FOCI pulse were positioned in a transverse slab covering the
kidneys. The pulses to suppress inflowing arterial blood were applied in a slab superior to
the labelling plane to suppress inflowing arterial blood. Images were obtained in a coronal
oblique orientation covering the whole kidney volume. A low-resolution pCASL scan with
one measurement was acquired to confirm that the positioning of the labelling plane was
appropriate to produce signal in the perfusion-weighted image. This was followed by a
higher resolution scan with parameters as given in supplementary material tables S7.1 and
S7.2. The sequence acquires label and control images and a reference proton density-
weighted (MO) image. Perfusion maps were produced using inline software. In-plane 2D
motion correction is applied retrospectively to proton density-weighted (MO), label and
control images. Label and control images are subtracted to create perfusion-weighted
images. Maps of perfusion rate (f) are calculated pixel by pixel using the motion-corrected

proton density-weighted (M0) and perfusion-weighted (4M) images according to:

M fZMO . ( —At ) <—(t —7— At)) <1 (—T))
= f—Ty,aexp exp| ————— —expl|—
A ! lelood T1’ T,

where f'is the perfusion rate in ml/100mg/min; ¢ is the time between labelling and imaging

(3000 ms); 7 is the duration of labelling pulse (1500 ms); 4¢ is the arterial transit time,
assumed to be 750 ms; a is the labelling efficiency, assumed to be 0.98; 4 is the blood-
tissue water partition coefficient, assumed to be 0.9 ml/ 100g; T7s1004 1s the longitudinal
relaxation time of arterial blood; 77 is the apparent longitudinal relaxation time of tissue.

A fixed Tipiooa= T1-= 1250 ms was assumed in calculating the perfusion maps.



Supplementary Material Figure S7.1: Coronal, transverse and sagittal views showing the
positioning of the ASL labelling plane (yellow) and the imaging volume (green) on a

patient in the heart failure cohort.
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DWI: For the Tx and HV cohorts, DWI was performed using a single-shot spin-echo echo-
planar imaging sequence with 17 slices positioned in a coronal oblique plane. Images were
acquired at 10 b-values (0, 50, 100, 150, 200, 250, 300, 500, 750, 1000 s/mm?) for 4
diffusion directions, averaged to give a 4-scan trace. SPectral attenuated inversion recovery
(SPAIR) fat suppression was used and images were acquired during free breathing, with an
acquisition time of Imin46s. Apparent diffusion coefficient (ADC) maps were created

using the vendor software, performing a mono-exponential fit to the 10 b-values®®*,

MRI analysis

Interobserver variability was compared across different methods of image analysis. For
kidney volume, the renal contours were drawn around the whole kidney (excluding the
renal pelvis) on the first and last slices containing renal tissue. Contours were then added
to every alternate slice in between. This initial total kidney volume (linear interpolation for
non-contoured slices) was then recorded (“alternate slices’) prior to drawing contours to
the remaining slices and noting the resultant volume (‘every slice”). For pCASL and DWI,
a single slice was chosen for analysis. ROIs were drawn manually around the whole kidney
(WK), cortex (Cx), an area of user-defined representative cortex (rep-Cx), within the
cortex at the superior and inferior poles (sup-Cx and inf-Cx, respectively) and in a
representative area of medulla (Med) (Figure 7.2). Corticomedullary differentiation was
assessed by ratio of Cx to Med. Each cohort was analysed by a pair of independent

observers from a pool of 4 clinicians and 1 physicist, all with local training in renal MRI
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analysis (SAS and LZ analysed HV, SAS and MMYL analysed HF and KAG and AJR
analysed Tx). Image analysis was performed using the commercially available software

cvi42 version 5.9.4 (Circle Cardiovascular Imaging, Calgary, Canada).

Figure 7.2 - Representative image (T1) displaying the regions of interest drawn for whole

kidney (WK), cortex (Cx), representative cortex (rep-Cx), superior cortex (sup-Cx),

inferior cortex (inf-Cx) and medulla (Med).

Statistical analysis

Descriptive statistics are reported as mean and standard deviation or median and
range/inter-quartile range (IQR) for normally distributed and skewed data, respectively.
Paired t-tests were used to compare kidney volume techniques and results were displayed
graphically using a Bland-Altman plot?>?. Pearson correlation coefficient was used to
quantify linear relationships between continuous variables. A total of 12 participants are

required to detect a correlation coefficient of 0.8 with 90% power and alpha 0.05. Our
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decision to include 40 participants yields a power >99.9% to detect a correlation
coefficient of 0.8 at alpha 0.05. Inter-observer reproducibility was measured using
coefficient of variation (CoV) (calculated by the standard deviation divided by the mean),
and intraclass correlation coefficient (ICC) (two-way random, average measures). One-
way ANOVA was used to compare mean results across the 3 participant groups, with t-
tests to interrogate pairs where groups differed. The mean value of the 2 observers is
reported unless otherwise stated. All analyses were performed using SPSS Statistics
Version 25.0 (Armonk, NY: IBM Corp.) and a conventional significance level of <0.05
was used. Figures were generated using SPSS Statistics Version 25.0 (Armonk, NY: IBM
Corp.) and Microsoft PowerPoint® 2019.

Results

Participant demographics

A total of 40 participants were included: 10 healthy volunteers, 10 patients with heart
failure (with reduced ejection fraction of <40%) and 20 renal transplant recipients. Clinical

characteristics are shown in Table 7.1.

Table 7.1 - Patient demographics and clinical characteristics

All (n=40) HV (n=10) HF (n=10) Tx (n=20)
Age (years), 56 (39-63) 43 (30-58) 62 (54-70) 51 (38-61)
median (IQR)
Male (n, %) 28 (70%) 4 (40%) 7 (70%) 17 (85%)
eGFR 60.0 (37.7- NA 77.1 (65.8- 48.4 (36.1-
(ml/min/1.73m2),
median (IQR) 76.7) 86.9) 64.3)

Abbreviations: HV = healthy volunteers, HF = heart failure, Tx = renal transplant, eGFR =

estimated glomerular filtration rate, IQR, interquartile range.
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Renal volume

Calculation of renal volume was possible in 39 patients (98%) (1 patient did not have

appropriate TrueFISP images). Mean difference in renal volume was 1.6 ml lower when
contours were drawn on alternate slices as opposed to every slice (p<0.001) (Figure 7.3).
There was no inter-observer difference in renal volume with either approach (p=0.56 for
alternate slice, and p=0.89 for every slice). Tables 7.2 and 7.3 show the results and inter-

observer reproducibility for renal volume, respectively.

Figure 7.3 - Bland-Altman plot comparing kidney volume as measured by contouring
alternate slice versus every slice.
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T1, pCASL, ADC: Comparison of different ROIs

T1, pCASL and ADC sequences were acquired in 39, 39 and 28 patients, respectively.
Image quality was acceptable in all but 2 pCASL acquisitions in the Tx group who were
excluded from further analysis. Table 7.2 shows the mean results for each sequence
depending on whether ROIs were drawn for WK, Cx, rep-Cx, sup-Cx, inf-Cx and Med.
The standard deviation in Table 7.2 represents the spread of mean values obtained. Table

7.3 shows the inter-observer reproducibility for each ROI by sequence and participant
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group. For T1 and ADC, WK, Cx and rep-Cx were highly reproducible (ICC > 0.76; CoV
<5%). For pCASL, Cx and rep-Cx were less readily reproducible (ICC >0.86 but CoV up
to 14.2%). The reproducibility of Med ROI was excellent for T1 but less good for pCASL
and ADC (Table 7.3). Table 7.4 shows the spread of data within each ROI by reporting the
mean ROI standard deviation as a proportion of the mean value. The spread of data from
WK ROIs was higher than cortex-specific ROIs, even when the mean value for each was

similar (Table 7.2).
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Table 7.2 - Comparison of results depending on region of interest, MRI sequence and

participant group.

The standard deviation presented represents the spread of mean values. Volume measured

by contouring alternate slices was similar to contouring every slice in all groups. Within

each group, the values for whole kidney, cortical and medullary regions of interest were

different for T1 and pCASL. In contrast, ADC values were similar for whole kidney,

cortical and medullary regions of interest.

All (n=40) HV (n=20) HF (n=10) Tx (n=10)

Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Volume (ml) (n=39)
Alternate slice 1958 56.8 147.8  30.9 170.6 453 | 230.1 49.2
Every slice 1975 574 149.0 313 170.8 449 | 2326 49.3
T1 (ms) (n=39)
Whole kidney 1772.8 1314 | 17024 76.7 | 1696.5 85.7 | 1842.6 134.4
Cortex 1630.2 102.0 | 1557.7 104.1 | 15955 80.1 | 1680.1 86.3
rep-Cx 1606.1 1144 | 15454 113.2 | 1543.8 71.1 | 1664.6 105.0
sup-Cx 1655.6 119.5 | 1606.8 149.8 | 1600.0 93.4 | 1705.3 98.1
inf-Cx 1639.0 103.7 | 1587.0 94.3 | 1590.0 113.3 | 1687.0 82.0
Med 19758 749 | 1899.0 80.5 | 19402 71.3 | 20281 74.2
Cortex: Med 0.83 0.82 0.82 0.83
pCASL (ml/min/100g) (n=37)
Whole kidney 181.7 56.6 1875 584 161.6 471 190.2 60.7
Cortex 221.0 80.0 | 235.1 79.3 1757 59,5 | 2393 84.3
rep-Cx 2608 914 | 2718 935 | 2284 923 | 2733 90.4
sup-Cx 196.4 759 | 2305 779 1604 54.2 197.4 79.6
inf-Cx 2252 105.2 | 213.8 911 161.8 844 | 269.2 107.5
Med 95.8 41.8 108.8  45.1 1215 315 73.0 45.9
Cortex: Med 23 2.2 1.4 3.3
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ADC (x10* mm?/s) (n=28)

Whole kidney
Cortex
rep-Cx
sup-Cx
inf-Cx

Med

Cortex: Med

1687.6

1678.1

1696.9

1686.3

1696.4

1671.9

1.0

115.6

111.4

117.7

144.2

115.2

82.5

1687.2

1704.0

1719.9

1720.4

1700.5

1726.3

1.0

97.4

96.8

158.6

120.6

111.8

93.9

1687.7

1665.8

1686.0

1670.1

1694.4

1646.1

1.0

125.8

118.1

96.1

154.5

119.7

77.2

Abbreviations: HV = healthy volunteers, HF = heart failure, Tx = renal transplant, S.D. =

standard deviation, rep-Cx = area of representative cortex, sup-Cx = area of representative

cortex at superior pole, inf-Cx = area of cortex at inferior pole, Med = medulla, pCASL =

pseudo-continuous arterial spin labelling, ADC = apparent diffusion coefficient.

163



Table 7.3 - Inter-observer reproducibility by MRI sequence and analysis approach.

Whole kidney and cortical ROIs were highly reproducible in all sequences.

CoV (%) ICC
Volume (ml) (n=39)
Alternate slice 6.5 0.97
Every slice 6.7 0.96
T1 (ms) (n=39)
Whole kidney 1.0 0.97
Cortex 1.2 0.97
rep-Cx 2.0 0.95
sup-Cx 3.2 0.96
inf-Cx 25 0.86
Med 2.6 0.87
pCASL (ml/min/100g) (n=37)
Whole kidney 7.0 0.90
Cortex 10.3 0.93
rep-Cx 14.2 0.86
sup-Cx 19.1 0.69
inf-Cx 14.6 0.92
Med 29.6 0.73
ADC (x10°°mm?/s) (n=28)
Whole kidney 2.0 0.90
Cortex 26 0.85
rep-Cx 3.7 0.76
sup-Cx 5.0 0.64
inf-Cx 3.8 0.62
Med 5.5 0.50
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Abbreviations: CoV = coefficient of variation, ICC = intraclass correlation coefficient, rep-
Cx = area of representative cortex, sup-Cx = area of representative cortex at superior pole,
inf-Cx = area of cortex at inferior pole, Med = medulla, pCASL = pseudo-continuous

arterial spin labelling, ADC = apparent diffusion coefficient.
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Table 7.4 - Table representing the spread of data from which the mean is calculated

depending on region of interest and MRI sequence.

The ROI standard deviation is generated by the analysis software to represent the spread of
values within each ROI. This table reports the mean ROI standard deviation for each
sequence and displays it as a proportion of the mean value. The spread of data is larger for
whole-kidney values, which includes cortical and medullary values, as well as potential
confounding data from vessels and renal pelvis. Conversely, the spread of data from the
smaller ROIs of representative cortex may be uncharacteristically low if too small a ROI is

drawn to be truly representative.

ROI S. D. ROI S.D. as proportion
(mean) of mean value

T1 (ms) (n=39)
Whole kidney 354.1 20.0%
Cortex 125.7 7.7%
rep-Cx 49.6 3.1%
sup-Cx 71.4 4.3%
inf-Cx 69.8 4.3%
Med 74.9 3.8%
pCASL (ml/100g/min) (n=37)
Whole kidney 100.7 55.4%
Cortex 85.1 38.5%
rep-Cx 41.2 15.8%
sup-Cx 48.0 24.5%
inf-Cx 53.2 23.6%
Med 41.8 43.6%
ADC (x10°° mm?/s) (n=28)
Whole kidney 289.5 17.2%
Cortex 169.6 10.1%
rep-Cx 71.5 4.2%
sup-Cx 105.8 6.3%
inf-Cx 85.9 5.1%
Med 84.7 5.1%

Abbreviations: ROI = region of interest, S.D. = standard deviation, rep-Cx = area of
representative cortex, sup-Cx = area of representative cortex at superior pole, inf-Cx = area
of cortex at inferior pole, Med = medulla, pCASL = pseudo-continuous arterial spin

labelling, ADC = apparent diffusion coefficient.
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Correlation between different ROIs

For T1, the correlation coefficient for Cx compared to WK, rep-Cx, sup-Cx, inf-Cx and
Med was 0.76, 0.93, 0.86, 0.85 and 0.62 respectively. The corresponding values for
pCASL were 0.92, 0.91, 0.84, 0.81 and 0.26; and for ADC 0.87, 0.79, 0.75, 0.85 and 0.78
(p<0.001 for all, except pCASL Med which was not significant (p=0.13)).

Comparison between participant groups.

There was a significant difference in kidney volume between groups (F=13.2, p<0.001)
with the greatest renal volume in Tx, then HF and then HV (Table 7.2). Mean T1 values
also differed between participant groups (WK: F=7.9, p=0.001, Cx: F=6.9, p=0.003, rep-
Cx: F=7.1, p=0.003). However, on paired comparisons there was no difference in T1
results between HV, and HF cohorts, while mean cortical T1 values were 122.4 ms
(p=0.009) and 84.7 ms (p=0.02) greater in the Tx group compared to HV and HF groups,
respectively. Medullary T1 values were also higher in Tx than HV (mean difference 129.1
ms, p=0.03). There were no differences between groups on any cortical ROI for pCASL or
ADC. Medullary pCASL values were significantly lower in Tx group compared to HV
(mean difference -35.7 ml/min/100g, p=0.03) and HF (mean difference -48.4 ml/min/100g,
p=0.03).

Correlation between renal MRI and kidney function.

eGFR data was available for the 30 participants with heart failure or a renal transplant.
There was no correlation between eGFR and renal volume, T1 or pCASL. There was a
positive correlation between eGFR and ADC (Tx group only), with coefficients of: WK
0.47 (p=0.04), Cx 0.61 (p=0.006), rep-Cx 0.72 (p=0.001), sup-Cx 0.45 (p=0.05), inf-Cx
0.67 (p=0.002) and Med 0.48 (p=0.04).

Discussion

This study provides evidence to support the reproducibility of certain analysis techniques
for renal MRI using commercially available analysis software. This is an essential step to
allow studies exploring the clinical significance of functional renal MRI to report in
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confidence. Our data show that measurement of renal volume by contouring a localiser
image is highly reproducible between observers. Contouring alternate slices, as opposed to
every slice, results in a small reduction in measured volume with the advantage of
improved efficiency. We believe the 1.6 ml (0.8%) mean difference in volume by
contouring alternate slices is clinically insignificant, but nevertheless we would advise
consistency with whichever approach is chosen. Whilst automated contouring and volume
calculation is being utilised by some centres?®® and is likely to improve time efficiency,
this approach is still to be externally validated and widely available. For T1, pCASL and
ADC, WK ROIs are highly reproducible and commonly reported, but the mean value is
derived from an unduly wide range of values, as evidenced by the fact on average the ROI
St dev represented between 17 and 55% of the mean value in our cohort. We would argue
this summary statistic is a crude representation of the physiological tissue which we hope
to describe, and that cortical values may have more biological relevance, without
unacceptable reduction in reproducibility. Indeed, for ADC the correlation with renal
function of cortical ROIs was stronger than for WK. When drawing a small ROI of
representative cortex, pre-specifying its location to be at either the superior (sup-Cx) or
inferior (inf-Cx) pole did not improve reproducibility compared to a user-defined location
and reduced the correlation with total cortex (Cx) for T1 and pCASL. Furthermore, sup-Cx
and inf-Cx are theoretically more susceptible to artefact from respiratory movement in
native kidneys compared to regions of lateral/medial cortex that would move in plane. We
therefore advise that either Cx or rep-Cx be used preferentially whenever cortical values
are reported. Drawing an ROI for rep-Cx is likely to reduce analysis time compared to
whole cortex, and in this small sample, the correlation between eGFR and ADC was
greatest when rep-Cx was used. However, this is balanced against the lower ICC for rep-
CX than Cx. Further studies are required to distinguish their benefits and we suggest that
either Cx or rep-Cx can be used to report cortical values in the interim. Nevertheless,
development of a harmonised approach across centres is vital to allow broader use of renal

MRI in research and clinical settings’®.

While there was a significant correlation between ADC and eGFR, there was no
association between renal volume, T1 and pCASL with renal function. Although this may
generate scepticism with regards to the clinical relevance of these sequences, the

development of MRI biomarkers is intended to provide physiologic and prognostic
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information additional to existing clinical measures, but further studies are needed to

clarify this.

We performed a limited comparison of medullary values. Future studies may wish to do
analyse the medulla in more detail. Recent studies have reported measures of cortico-
medullary differentiation (CMD) using T1 and ADC and their correlation with clinical
parameters!*3286287 These studies were well-conducted, but there is a risk of over
interpreting the significance of cortico-medullary findings. Loss of CMD is a well-
established, non-specific finding in CKD that is detectable on ultrasound, computed
tomography and MRI?®®, Any observed association between eGFR and CMD on T1 or
ADC may underplay the utility of MRI as a functional measurement and may instead
detect a crude structural change that is prevalent in CKD, and which can be measured in

simpler ways.

The study is strengthened by its multi-parametric protocol across both healthy and diseased
populations, including native and transplant kidneys, yielding clinically meaningful results.
The study has a number of limitations. Whilst we have shown these analyses to be
reproducible, the clinical significance of any approach is not yet established. We did not
assess R2* (also known as blood-oxygen-level-dependent (BOLD) imaging). This
parameter is recommended to be included in multi-parametric renal MRI protocols and its
inclusion in this study would have been advantageous®’®. Only 2 observers reported each
ROI for comparison of inter-observer reproducibility. Kidney volume measurements were
not compared with established 3D contrast-enhanced techniques, and further studies are
required to assess the clinical relevance of kidney volume as measured by this approach.
The current pCASL sequences utilises a fixed T1 value. We accept there may be
advantages to using a measured T1 and we are exploring this for future studies. Other
centres have developed efficient and accurate analysis methods, often using in-house
developed software, which we are unable to replicate. For instance, a technique that uses a
histogram to numerically segregate cortical from medullary values has been reported!?’.
These analysis strategies require bespoke software which generally rely upon precise
harmonisation of acquisition parameters to allow use out-with the centre in which they are
developed. Nevertheless, comparison of results generated using this technique with the
approaches detailed here would be interesting. The use of commercially available software

in this study is a strength. However, the license carries a cost and the software used is
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designed for cardiovascular analysis, such that we have applied many of the modules out-
with their intended use. There is an urgent need for widely available software that is
specifically designed for multi-parametric renal MRI analysis, in order to advance the

research and clinical application of renal MRI.

Conclusion

There are numerous strategies to analyse multi-parametric renal MRI with many centres
using in-house bespoke software. The optimal approach is not yet known. These results
provide justification for one approach using commercially available software. We suggest
kidney volume can be calculated by contouring alternate slices, rather than every slice, of a
localiser scan albeit validation with 3D volume techniques is still required. For T1, pCASL
and ADC, we suggest whole kidney values, while highly reproducible, are used with
caution given that the results represent a central value from an extremely wide range.
Instead, manually delineated cortex or a small ROI of user-defined representative cortex
can be used interchangeably in both native and transplant kidneys, with acceptable inter-
observer reproducibility. Clinical correlation of the results generated from this approach is

eagerly awaited.
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Abstract

Background: Multi-parametric functional renal MRI may offer a non-invasive means to
interrogate tissue characteristics in patients with transplant dysfunction. We aimed to

assess the correlation between renal MRI and histology findings.

Methods: Adult patients referred for a clinically indicated biopsy of their transplant
kidney were eligible for inclusion. A multi-parametric MRI protocol including anatomical
images, T1 mapping, T2 mapping, T2* blood oxygenation level dependent images,
diffusion weighted imaging (to calculate apparent diffusion coefficient), diffusion tensor
imaging (to calculate fractional anistropy (FA)) and arterial spin labelling, was performed.
MRI variables were compared to histological variables (percentage of cortex containing
fibrosis and inflammation) and biochemical variables (serum creatinine and estimated

glomerular filtration rate (¢GFR)).

Results: Twenty-eight participants were recruited for whom 20 had complete MRI and
histological data available. Recruitment was stopped early due to the COVID-19
pandemic. There was no correlation between any MRI variable and the percentage of
cortex containing interstitial fibrosis. FA corticomedullary ratio correlated with the
percentage of non-scarred cortex containing inflammation (p= 0.45 (-0.73, -0.02). T1
cortex inversely correlated with final eGFR (p =-0.45

(-0.72, -0.07) and there was a significant difference in T1-cortex between participants who
developed graft failure versus those who did not ((median difference 209.1ms (p=0.005)).
When MRI variables were compared between individuals with rejection on biopsy versus
those who did not have rejection only BOLD T2*-cortex was significant (median increase

8.9 ms; p=0.04).

Conclusion In this small prospective study that was stopped early due to the COVID-19
pandemic, there was no correlation between any MRI variable and the percentage of renal
cortex containing fibrosis. However, there were significant findings that merit further
study, especially the prognostic role of T1-cortex which inversely correlated with final

eGFR and differed between those who did and did not develop graft failure.
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Introduction

Renal transplantation is the optimal treatment for people with renal failure and is
associated with improvements in life expectancy and quality of life compared to
dialysis.?® Despite advances in our understanding of the immune system and development
of drugs to prolong transplant function, the period of time for which a transplant functions
remains finite, with 13% failing before 5 years and 26% failing before 10 years.'*? The
most common reason for transplants to fail is the development of chronic immune-

mediated rejection and other causes of irreversible fibrosis.>2°

Incident transplant dysfunction is most commonly detected due to a rise in serum
creatinine with or without the emergence of proteinuria. These markers of acute transplant
dysfunction are non-specific and usually herald further investigations into the individual
causes, including donor-specific antibodies (DSA), calcineurin inhibitor drug levels (if
relevant), renal transplant ultrasound, and viral titres for cytomegalovirus and BK virus.
However, ultimately, a biopsy of the transplant kidney is often required for definitive
diagnosis and to allow appropriate modification of treatment.!*>!* Biopsy of renal
transplants include the risks of bleeding (ranging in severity from asymptomatic to fatal),
infection (with seeding from urinary tract to bloodstream), loss of transplant function, non-
diagnostic results and discomfort for patients.'*>!46 Furthermore, a standard renal biopsy
samples <1% of renal cortex tissue and is therefore prone to sampling error, which may
mis-inform clinical practice (e.g. if an area of focal scarring is biopsied). If a treatment is
instigated on the basis of a biopsy result, it can be necessary to repeat the biopsy to assess
treatment response, thus doubling the risk exposure for patients. Accordingly, a non-
invasive biomarker of renal transplant pathology is needed and could improve the
management of renal transplant recipients by reducing risk exposure and increasing
diagnostic accuracy.'!

Functional multi-parametric magnetic resonance imaging (MRI) of the kidney is an
exciting area of research where it is hoped that different MRI sequences can provide
quantitative information regarding fibrosis, inflammation, perfusion, tissue oxygenation,
and oedema, in addition to the standard anatomical and structural assessment that 3D

imaging allows 4127629,
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We aimed to compare functional MRI findings with the extent of cortical fibrosis and
inflammation in kidney transplant recipients who had been referred for a clinically

indicated biopsy of their transplant kidney.

Methods

Study protocol

This is a single centre observational study. Individuals were eligible for participation if
they were 18 years or older with a kidney transplant and had been referred for a clinically
indicated biopsy of their transplant kidney. They had to be able to provide informed
consent and comply with study procedures. Exclusion criteria included contraindication to
MRI, pregnancy, and suspected delayed graft function as the cause of their transplant
dysfunction. Participants were recruited from the Glasgow Renal and Transplant Unit,
which serves a population of 1.5 million and performs approximately 150 kidney
transplant operations per year. Following informed consent, participants were invited to
undergo an MRI of their transplant kidney within 1 week either side of their scheduled
biopsy. Additional research bloods and urine samples were collected. If the participant was
subsequently treated for acute rejection they were invited to attend for a repeat MRI scan
within 2 weeks of completing acute treatment. Follow-up data was collated from routinely
collected clinical data with participants’ consent, with the most recent blood results
censored at time of alternative renal replacement therapy, if applicable. Favourable ethical
opinion was granted by the East Midlands — Leicester Central Research Ethics Committee
(Ref: 18/EM/0305, 31% October 2018). All study procedures were carried out in
accordance with local guidelines and regulations and with respect to the declaration of

Helsinki. The study was prospectively registered at clinicaltrials.gov (NCT03780101).

Renal MRI acquisition

MRI acquisition was performed at the Clinical Research Imaging Facility of the Queen
Elizabeth University Hospital in Glasgow using a 3T MRI scanner (PRISMA, Siemens
Healthcare, Erlangen, Germany) with an 18-channel surface coil placed anteriorly and a
32-channel spine coil placed posteriorly. A multi-parametric protocol was used including

the sequences outlined below (Figure 8.1). Typical parameters for each sequence are

175



included in supplementary material S8.1. We have previously described our protocols for

T1 mapping, diffusion-weighted imaging and arterial spin labelling (ASL) in detail *'.

Renal volume. Coronal images were acquired using a steady state free precession
sequence (true fast imaging with steady state precession (TrueFISP)).

T1 mapping. A single oblique coronal slice positioned through the centre of the
transplant kidney was acquired. A modified look-locker inversion recovery
(MOLLI) sequence with single shot true FISP readout was used. Images were
acquired at 14 different inversion times (pattern 11(3)3) with a start TI of 180 ms
and a TI increment of 80 ms. Motion correction and fitting of the T1 map was
performed using a phase-sensitive inversion recovery reconstruction implemented in
the vendor software (Siemens, VE11C, MyoMaps).

T2 mapping. T2 maps were acquired in same plane as for T1 mapping, using a fast
low angle shot (FLASH) inversion recovery gradient echo sequence, Images were
acquired at T2 preparation times of Oms, 30ms and 55ms. Motion correction and
fitting of the T2 map was performed using the vendor software (Siemens, VE11C,
MyoMaps)

BOLD T2*. T2* maps were in the same plane as for T1 mapping, using a spoiled
gradient echo sequence. Images were acquired at 12 different echo times, and a T2*
map was calculated from an exponential fit to these using the vendor software
(Siemens, VE 11C, MyoMaps). Images were acquired during breath hold at
expiration with an acquisition time of 11 seconds.

Apparent diffusion coefficient (ADC). Diffusion-weighted imaging was
performed using a single-shot spin-echo echo-planar imaging sequence with 17
slices positioned in a coronal oblique plane. Images were acquired at 10 b-values
(0, 50, 100, 150, 200, 250, 300, 500, 750, 1000 s/mm?) for 4 diffusion directions,
averaged to give a 4-scan trace. SPectral attenuated inversion recovery (SPAIR) fat
suppression was used and images were acquired during free breathing, with an
acquisition time of 1min46s. Apparent diffusion coefficient (ADC) maps were
created using the vendor software, performing a mono-exponential fit to the 10 b-
values »!,

Fractional Anistropy (FA). Diffusion tensor imaging was performed with 3 b-

values (50, 200, 400 s/mm?) and 20 diffusion directions. Images were acquired
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during free breathing. Fractional Anisotropy maps were calculated using the vendor
software (Siemens, VE11C, DTI Evaluation).

Arterial spin labelling: A pseudo-continuous arterial spin labelling (pCASL) scan
with a 3D turbo gradient spin echo (TGSE) readout was acquired during free

breathing. Perfusion maps were produced using inline software.*!
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Figure 8.1 - Representative images from a multi-parametric 3T renal MRI protocol

showing an anatomical image, T1 mapping, T2 mapping, T2* blood oxygenation level
dependent imaging, diffusion weighted imaging for calculation of apparent diffusion
coefficient (ADC), diffusion tensor imaging for fractional anisotropy, and arterial spin

labelling (ASL).

Anatomical

T1 mapping
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Supplementary material S8.1. Typical parameters for each MRI sequence

Volume T1 T2 BOLD T2* ADC FA ASL
Orientation Coronal Coronal Coronal Coronal oblique Coronal oblique Coronal oblique Coronal
oblique oblique oblique
Sequence TrueFISP MOLLI T2 SPGR 2D SE-EPI, 4 2D SE-EPI, pCASL
with fat preparation diffusion directions, 20 diffusion directions, b- with 3D
saturation. module b-values 0, values 50, 200, 400s/mm?, TGSE
with 50,100,150, 200, 250, | with SPAIR fat supression readout
FLASH 300, 500, 750, 1000
readout s/mm?, SPAIR fat
suppression.
TR (ms) 417 Reported TR 339 150 2300 2100 6870
550, echo
spacing 3.04
TE (ms) 1.31 1.24 1.46 1.64, 4.13, 6.78, 45 46 30.2
(T2 prep 9.43, 12.08, Echo spacing 0.49ms.
durations: 14.73, 17.38,
0, 30, 55) 20.03, 22.68,
25.33, 27.98,
30.63.
Flip angle (°) 37 35 12 25 90 90 28 (pCASL
labelling)
180 (TGSE

readout)




Field of view 340%340 360*215 360*215 400*400 400*400 405*400 300*150
(mm*mm)
Matrix 169256 320%252 256*117 256*205 134*134 272*268 96*48
Slice 4.5 5 8 5 5 5 4
thickness
(mm)
Slice gap -1.125 - - - 1 1 -
(mm)
Voxel size 1.3*1.3*4.5 1.1*1.1*5 1.4*1.4*8 1.6*1.6*5 1.5*1.5*5 1.5*1.5*5 3.3*3.3*4
(mm?)
Number of 70 1 1 1 17 17 16
slices
Acceleration GRAPPA GRAPPA GRAPPA GRAPPA R=2, GRAPPA R=3 GRAPPA R=2, phase
R=2 R=2, phase R=2 phase partial partial fourier 6/8
partial Fourier 6/8
Fourier 7/8
Acquisition 00:35 00:10 00:26 00:12 01:40 02:19 03:33
time (min:sec)
Bandwidth 850 1116 1150 399 2490 2490 2264
(Hz/px)

*For TrueFISP acquisition, a Fat-Sat method, where fat appears nulled rather than bright, was applied to improve localisation of transplant kidneys.

This protocol was applied to healthy volunteers.
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Renal MRI analysis

MRI data were analysed by a single blinded observer using cvi42 software (version 5.10,
Circle Cardiovascular, Canada)). For kidney volume, the renal contours were drawn
around the whole kidney (excluding the renal pelvis) on each slice containing kidney
tissue. For T1, T2, BOLD T2*, ADC, FA and ASL, manually drawn regions of interest
(ROI) were placed in representative areas of renal cortex and medulla. Where necessary T1
images were used for anatomical reference. Cortico-medullary differentiation (CMD) was
calculated by dividing values for cortex by medulla. We have previously published further

details supporting our analysis methodology including inter-observer reproducibility *!.

Renal histology

Kidney biopsies were processed as per local clinical guidelines, with hematoxylin and
eosin, periodic acid—Schiff, Masson trichrome, and Jones methenamine silver stains used
for light microscopy. Additional sections were routinely examined using
immunofluorescence and electron microscopy. The clinical histopathology reports were
generated with reference to the Banff classification as per clinical standard 2°2. The clinical
report was used to collate the primary histological diagnosis, the percentage of cortex with
interstitial fibrosis, the percentage of total cortex containing interstitial inflammation and
the percentage of non-scarred cortex containing inflammation. A second pathologist
independently reviewed all biopsies and reported the percentage of cortex containing

fibrosis and inflammation to allow assessment of inter-observer reproducibility.

Statistical Analysis

Continuous data with a normal distribution are presented as mean + standard deviation (SD),
and median and interquartile range (IQR) for skewed data. Correlation was assessed by
Spearman Rank Correlation coefficient (p) and 95% confidence intervals. Results were
deemed statistically significant where confidence intervals did not cross 0. Inter-observer
variability was assessed by the intra-class correlation (ICC) coefficient (two-way mixed
effect, average measures). Mann-Whitney U test was used to compare differences in MRI
variables depending on presence of graft failure and rejection respectively, with the
conventional significance threshold of <0.05. Linear regression was performed as a post-hoc

analysis to compare the association between T1 cortex and graft failure while accounting for



baseline eGFR. Statistical analysis was performed using SPSS (version 27, IBM Corp, New
York).

Sample size calculation

A prospective sample size calculation determined that a total of 60 participants was
necessary to identify a correlation of r=0.4 between MRI variables and interstitial fibrosis
with 90% power and a type 1 error rate of 0.05. This was based on a previous study that
reported a positive association between ADC and fibrosis (R?>=0.27) '*¥. A recruitment
target of 70 participants was set to allow for 15% drop out for participants with incomplete

data sets.

Results

Participants

Twenty-eight participants were recruited between 15" February 2019 and 12" March 2020.
Recruitment was stopped early (target 70 participants) due to the COVID-19 pandemic.
Two participants did not undergo MRI (1 withdrew consent; 1 was unable to tolerate) and
a further 2 participants did not undergo biopsy (1 due to hydronephrosis identified on their
research MRI; 1 due to a spontaneous fall in the serum creatinine on the day of their
biopsy). Consequently, 26 participants were included in the comparisons of MRI with
biochemical outcomes, while 24 were included in comparisons with histological data.

Median time from biopsy to MRI was 0 days (range: -4 to 15 days).
The mean age was 43 +/- 15 years, 16 were male (62%), and the median time since their

current transplant was 3.6 years (IQR 0.5 — 6.6). Table 8.1 outlines additional baseline

characteristics.
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Table 8.1 - Baseline characteristics.

N =26
Age, years 43 (+/- 15)
Mean (s.d)
Male 16 (62%)
N (%)
Primary renal diagnosis Diabetes 4 (15%)
N (%) Glomerulonephritis 12 (46%)
Renovascular disease 1(3.8%)
Hypertension 1(4%)
Polycystic kidney 2 (8%)
disease
Pyelonephritis 1(4%)
Unknown 3 (12%)
Other 2 (8%)
Transplant type Living related donor 6 (23%)
N (%) Living unrelated donor 4 (15%)
Donation after brain- 13 (50%)
stem death donor
Donation after cardiac 3 (12%)

death donor

Time since current transplant, years

3.6 years (IQR 0.5 —

Median (IQR) 6.6)
Immunosuppression Tacrolimus 25 (96%)
N (%) Ciclosporin 1(4%)
Belatacept 0 (0%)
Mycophenolate 20 (77%)
Azathioprine 3 (12%)
Prednisolone 22 (85%)
Previous acute cellular rejection 6 (23%)
N (%)
Previous acute antibody-mediated rejection 0
N (%)
Previous BK virus nephropathy 2 (8%)
N (%)
Previous Cytomegalovirus disease 2 (8%)
N (%)
Indication for biopsy Achieved function 1(4%)
N (%) lower than expected
Acute kidney injury 4 (15%)
Assess response to 1 (4%)
treatment
Chronically 10 (38%)
deteriorating kidney
function with
proteinuria
Chronically 9 (35%)
deteriorating kidney
function without
proteinuria
Nephrotic syndrome 1 (4%)

Creatinine at biopsy, umol/|

182 (161, 243)
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Median (IQR)

Median (IQR)

eGFR at biopsy, mmol/l/1.73m?

34.2 (25.0, 40.3)

Abbreviations: s.d: standard deviation. IQR: inter-quartile range.

During a median follow-up of 2.0 (1.7 — 2.3) years, 7 required to start long-term

haemodialysis and 3 participants died (1 COVID-19, 1 dialysis withdrawal, 1 sudden

death). The median eGFR at follow-up was 31.9 (9.4 — 43.1) ml/min/1.73m? representing a

median deterioration of 4.6 (-6.3, 20.5) ml/min/1.73m? (the corresponding values for

serum creatinine are 203 (130-532) umol/l and 22 (-235, 27.0) umol/l). There was a wide

range in primary diagnosis yielded from biopsy (Table 8.2). Additional outcome data is

presented in Table 8.2.

Table 8.2 - Histological, biochemical and clinical outcome data

N =24
Primary histological Acute T-cell mediated 4 (17%)
diagnosis rejection
Borderline T- cell mediated | 2 (8%)
rejection
Acute antibody-mediated 2 (8%)
rejection
Chronic active antibody 1(4%)
mediate rejection
Acute tubular necrosis 3 (13%)
BK nephritis 1(4%)
Donor disease 1(4%)
Interstitial fibrosis and 1(4%)
tubular atrophy
No significant histo- 1 (4%)
pathological abnormality
Recurrence of 2 (8%)
glomerulonephritis
Thrombotic 2 (8%)
microangiopathy
Other* 4 (17%)
Treated for rejection 7 (29%)
Interstitial fibrosis, % 10 (4, 28)
Median (IQR)
Interstitial inflammation (total cortex), % 20 (10, 50)
Median (IQR)
Interstitial inflammation (non-scarred cortex), % 5(1, 20)
Median (IQR)

N =26

Final serum creatinine, umol/l

| 203 (130, 532)
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Median (IQR)

Final eGFR, mmol/l/1.73m?2
Median (IQR)

31.9 (9.4, 43.1)

Graft failure 7 (27%)
N (%)
Death 3 (12%)
N (%)

*] = moderate arteriolosclerosis with focal embolus and subsequently diagnosed with

transplant artery stenosis; 1 diabetic nephropathy; 1 chronic transplant glomerulopathy; 1

de novo secondary focal segmental glomerulosclerosis

Abbreviations: IQR: inter-quartile range. eGFR: estimated glomerular filtration rate

Renal MRI in comparison to histology

There was no correlation between any MRI variable and the percentage of cortex

containing interstitial fibrosis (Table 8.3). FA-CMD correlated with the percentage of non-

scarred cortex containing inflammation (p=-0.45 (-0.73, -0.02). No other MRI variable

(cortex, medulla or cortico-medullary ratio) correlated with the percentage of total cortex

or non-scarred cortex containing interstitial inflammation (Table 8.3). Supplementary

material S8.2 shows the mean results for MRI variables divided by histological diagnosis.

The ICCs for the comparison of the 2 histologists’ scores were: 0.89 for interstitial fibrosis,

0.94 for total interstitial inflammation and 0.78 for intestinal inflammation in non-scarred

cortex.
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Table 8.3 - Correlation between MRI variables and histological parameters, with

statistically significant results highlighted in bold.

Histology
MRI variables Interstitial Interstitial Interstitial inflammation in non-
fibrosis inflammation scarred cortex
Volume -0.06 -0.01 0.23
(-0.46, 0.36) (-0.42, 0.41) (-0.20, 0.59)
T Cortex 0.14 0.28 0.26
(ms) (-0.29, 0.53) (-0.16, 0.62) (-0.17, 0.61)
N= 24 Medulla -0.06 0.05 0.14
(-0.47, 0.36) (-0.37, 0.46) (-0.29, 0.53)
Cortex: 0.11 0.16 -0.02
medulla (-0.32, 0.50) (-0.27, 0.54) (-0.43, 0.40)
T2 Cortex 0.05 0.20 0.25
(ms) (-0.37, 0.46) (-0.24, 0.56) (-0.18, 0.60)
N= 24 Medulla 0.32 0.33 0.11
(-0.11, 0.65) (-0.10, 0.65) (-0.32, 0.50)
Cortex: -0.34 -0.22 0.04
medulla (-0.66, 0.083) (-0.58, 0.21) (-0.38, 0.45)
BOLD T2* Cortex 0.08 0.11 0.17
(ms) (-0.35, 0.48) (-0.32, 0.50) (-0.27, 0.54)
N=24 Medulla -0.07 0.09 0.14
(-0.47, 0.36) (-0.34, 0.49) (-0.29, 0.52)
Cortex: 0.15 0.04 0.04
medulla (-0.28, 0.53) (-0.38, 0.44) (-0.38, 0.44)
ADC (x106 Cortex 0.21 0.22 0.01
mm2/s) (-0.27, 0.60) (-0.26, 0.61) (-0.45, 0.46)
N=20 Medulla 0.28 0.29 -0.01
(-0.20, 0.65) (-0.19, 0.66) (-0.46, 0.44)
Cortex: -0.01 0.04 0.13
medulla (-0.46, 0.45) (-0.42, 0.49) (-0.34, 0.55)
FA Cortex -0.24 -0.29 -0.39
(0-1) (-0.60, 0.21) (-0.64, 0.15) (-0.70, 0.04)
N=23 Medulla -0.15 -0.08 0.13
(-0.54, 0.29) (-0.49, 0.35) (-0.31, 0.52)
Cortex: -0.13 -0.19 -0.44
medulla (-0.52, 0.31) (-0.57, 0.25) (-0.73, -0.02)
ASL Cortex -0.15 -0.12 0.04
(ml/100g/min) (-0.55, 0.32) (-0.54, 0.34) (-0.41, 0.47)
N=21 Medulla 0.07 -0.06 -0.21
(-0.38, 0.50) (-0.49, 0.40) (-0.60, 0.26)
Cortex: -0.02 0.12 0.23
medulla (-0.46, 0.43) (-0.35, 0.53) (-0.23, 0.61)

Abbreviations: BOLD = blood oxygenation level dependent; ADC = apparent diffusion

coefficient; FA = fractional anisotropy; ASL = arterial spin labelling

186



Supplementary material §8.2. Table of mean values for each MRI variable by primary histological diagnosis

T1-cortex  T1-medulla T2-cortex  T2-medulla T2*-cortex T2*cortex ADC-cortex ADC-medullaFA-cortex  FA-medulla ASL-cortex ASL-medulla
N

TCMR 1A N=2 1676.2 1950.6 50.7 52.8 60.9 491 1617.3 1590.7 110.0 206.7 108.1 10.7
TCMR 1B N=2 1816.3 2053.8 53.8 50.7 75.9 62.3 1624.7 1684.2 96.9 210.6 289.2 61.0
Borderline TCMR N=2 17311 2162.5 50.3 54.2 61.6 39.8 14417 1633.9 83.2 205.1 152.7 37.2
Active ABMR N=2 1590.4 1866.0 455 416 61.9 39.8 1464.3 1610.2 136.4 263.8 2213 11.7
Chronic ABMR N=1 1938.3 2269.4 54.2 48.0 779 379 1571.8 1679.1 95.2 151.3 138.0 123
TMA N=2 1672.7 1797.3 47.0 46.8 60.1 534 1463.2 1546.6 127.6 247.2 205.1 83.3
ATN N=3 1777.7 1922.0 51.7 471 53.3 52.7 1568.2 1667.2 1113 60.1 1143 175
BK nephritis N=1 1777.9 2046.9 52.7 471 50.6 67.0 1395.3 1688.8 82.0 2751 216.5 33.2
Recurrent GN N=2 1760.2 2036.9 49.5 411 43.4 445 1596.4 1663.3 117.0 260.5 238.9 411
Donor disease N=1 1626.8 2027.0 46.4 446 46.5 54.0 1485.1 1571.0 108.7 173.2 159.5 515
IFTA N=1 2081.8 2066.1 47.6 474 58.5 36.1 1697.3 1867.5 155.4 216.4 - -

No abnormality N=1 1808.2 2180.6 534 48.6 68.1 379 - - 159.4 214.7 130.9 20.7
Other * N=4 1632.5 1922.2 49.7 46.2 63.1 47.3 1651.3 1616.7 135.3 2429 146.5 44.2

1 = moderate arteriolosclerosis with focal embolus and subsequently diagnosed with transplant artery stenosis; 1 diabetic nephropathy; 1 chronic transplant glomerulopathy; 1 de novo secondary focal segmental glomerulosclerosis

T1-CMD T2-CMD T2*-CMD ADC-CMD  FA-CMD ASL-CMD

Primary histological diagnosis

N
TCMR IA N=2 .87 .96 1.28 1.02 54 11.20
TCMR IB N=2 .88 1.07 1.22 .96 .59 4.74
Borderline TCMR N=2 .80 93 1.57 .88 43 4.53
Active ABMR N=2 .85 1.09 1.61 91 51 19.67
Chronic ABMR N=1 .85 1.13 2.06 94 .63 11.22
TMA N=2 93 1.00 1.22 95 52 3.52
ATN N=3 92 1.10 1.01 94 3.44 6.38
BK nephritis N=1 82 1.12 .76 .83 .30 6.52
Recurrent GN N=2 .87 1.20 1.02 96 44 5.86
Donor disease N=1 .80 1.04 .86 .95 .63 3.10
IFTA N=1 1.01 1.00 1.62 91 72 .
No abnormality N=1 .83 1.10 1.80 - 74 6.32
Other * N=4 .86 1.09 1.41 1.02 55 10.37

1 = moderate arteriolosclerosis with focal embolus and subsequently diagnosed with transplant artery stenosis; 1 diabetic nephropathy; 1 chronic transplant glomerulopathy; 1 de novo secondary focal segmental glomeruloscleros

Units: T1 = ms. T2 = ms. BOLD T2* = ms. ADC = x10° mm?/s. FA = scalar 0-1. ASL = ml/100g/min
Abbreviations: TCMR 1A: T-cell mediated rejection Banff category 1A. TCMR 1B: T-cell mediated rejection Banff category 1B. TCMR: T-cell
mediated rejection. ABMR: antibody mediated rejection. TMA: thrombotic microangiopathy. ATN: acute tubular necrosis. BK: BK polyomavirus.




GN: glomerulonephritis. IFTA: interstitial fibrosis and tubular atrophy. ADC: apparent diffusion coefficient. FA: fractional anisotropsy. ASL:
arterial spin labelling. CMD: cortico-medullary differentiation
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Renal MRI in comparison to biochemical data

T1 mapping variably correlated with serum creatinine and eGFR, with 5 of the 18
comparisons between T1 (cortex, medulla, and CMD) yielding significant results when
compared to creatinine and eGFR (baseline, follow-up, change in value) (Table 8.4). FA-
medulla and FA-CMD significantly correlated with baseline creatinine and baseline eGFR,
with FA-medulla also correlating with follow-up creatinine and eGFR. Across 72
comparisons for the remaining 4 MRI variables (T2, BOLD T2*, ADC, ASL), the only
significant correlation was ASL-CMD and baseline creatinine (Table 8.4). When comparing
MRI findings for those who developed graft failure versus those whose transplant continued
to function there were significant differences detected in T1-cortex (median 209.1ms
(p=0.005)), FA-medulla (median -73.7 (p=0.04) and FA-CMD (median 0.21 (p=0.008)). In a
post-hoc logistic regression analysis, T1-cortex remained statistically significant when
baseline eGFR was added (T1-cortex: HR 1.02 (95% CI 1.00-1.03); eGFR HR 0.95 (0.83-
1.09)).

Table 8.4 - Correlation between MRI variables and biochemical variables at baseline and

follow-up, with statistically significant results highlighted in bold.

Biochemistry
Baseline Follow-up
MRI variables Baseline Baseline Final Final Delta Delta
serum eGFR serum eGFR creatinine eGFR
creatinine creatinine
Volume 0.06 0.33 0.33 -0.12 -0.38 0.39
(-0.34, 0.45) (-0.08, 0.64) (-0.08, (-0.49, (-0.67, 0.02) (-0.01,
0.64) 0.3) 0.68)
T1 Cortex 0.45 -0.45 -0.46 0.35
(ms) 0.16 -0.06 (0.07, (-0.72, - (-0.72, - (-0.08,
N= 26 (-0.25, 0.52) (-0.45, 0.35) 0.72) 0.07) 0.07) 0.65)
Medulla -0.32 0.25 -0.34 -0.4 0.54
(-0.64, 0.08) 0.21 ( (-0.17, (-0.65, (-0.69, - (0.18,
-0.2, 0.56) 0.59) 0.07) 0.01) 0.77)
Cortex: 0.55 0.1 -0.05 -0.33
medulla (0.2, 0.78) -0.42 (-0.31, (-0.44, 0.12 (-0.64,
(-0.7, -0.02) 0.48) 0.36) (-0.29, 0.49) 0.07)
T2 Cortex -0.05 0.35 -0.32 0.39
(ms) (-0.44, 0.36) 0.15 (-0.06, (-0.64, -0.41 (0.00,
N= 26 (-0.26, 0.52) 0.66) 0.09) (-0.7, -0.02) 0.68)
Medulla 0.07 0.03 -0.2 0.05
(-0.34, 0.45) -0.29 (-0.37, (-0.55, -0.02 (-0.35,
(-0.62, 0.12) 0.42) 0.22) (-0.41, 0.38) 0.44)
Cortex: -0.08 0.24 -0.06
medulla (-0.46, 0.33) 0.35 (-0.17, (-0.45, -0.26 0.22
(-0.05, 0.66) 0.58) 0.34) (-0.59, 0.16) | (-0.2, 0.56)
BOLD T2* Cortex 0.11 -0.21 0.15
(ms) (-0.3, 0.49) 0.03 0.31 (-0.56, -0.21 (-0.26,
N= 26 (-0.37,0.42) | (0.1, 0.63) 0.2) (-0.56, 0.2) 0.52)
Medulla 0.13 0.27 -0.38
(-0.29, 0.5) -0.19 -0.21 (-0.14, 0.34 (-0.67,
(-0.55,0.22) | (-0.56, 0.2) 0.61) (-0.07, 0.65) 0.03)
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Cortex: 0.03 0.32 -0.31 -0.35 0.35
medulla (-0.37,0.42) 0.14 (-0.09, (-0.63, ( (-0.06,
(-0.27, 0.51) 0.63) 0.1) -0.66, 0.05) 0.66)
ADC Cortex -0.09 0.11 -0.07 0.08
(x108 mm?2/s) (-0.5, 0.36) 0.04 (-0.33, (-0.49, -0.08 (-0.37,
N=22 (-0.4, 0.47) 0.52) 0.38) (-0.49, 0.37) 0.49)
Medulla -0.3 -0.14 0.2
(-0.65, 0.15) 0.17 0.16 (-0.54, -0.15 (-0.25,
(-0.29, 0.56) | (-0.3, 0.55) 0.32) (-0.54, 0.31) 0.59)
Cortex: -0.16 0.2 -0.13
medulla (-0.56, 0.29) 0.14 -0.13 (- (-0.25, 0.14 (-0.53,
(-0.31,0.54) | 0.53,0.32) 0.58) (-0.31, 0.54) 0.32)
FA Cortex 0.08 -0.04 -0.01 0.07
(0-1) (-0.33, 0.47) -0.13 (-0.44, (-0.41, 0.02 (-0.34,
N=25 (-0.51, 0.29) 0.37) 0.4) (-0.39, 0.42) 0.46)
Medulla -0.46 -0.42 0.51 -0.06
(-0.73, -0.07) 0.45 (-0.7, - (0.13, 0.21 (-0.46,
(0.05, 0.72) 0.01) 0.76) (-0.21, 0.57) 0.35)
Cortex: 0.43 0.28 -0.37 0.08
medulla (0.03, 0.71) -0.49 (-0.14, (-0.67, -0.13 (-0.34,
(-0.75, -0.1) 0.61) 0.04) (-0.51, 0.29) 0.47)
ASL Cortex -0.32 -0.22 0.23 -0.06
(ml/100g/min) (-0.66, 0.12) 0.21 (-0.59, (-0.22, 0.12 (-0.47,
N=23 (-0.23, 0.58) 0.22) 0.59) (-0.32, 0.51) 0.37)
Medulla 0.1 0.09 -0.07
(-0.34, 0.5) -0.13 (-0.35, (-0.48, 0.07 -0.1
(-0.53, 0.31) 0.49) 0.36) (-0.36, 0.48) | (-0.5, 0.34)
Cortex: -0.43 -0.09 0.06 0.22
medulla (-0.72, 0) 0.41 (-0.49, (-0.37, -0.17 (-0.22,
(-0.02, 0.71) 0.35) 0.47) (-0.55, 0.28) 0.59)

Abbreviations: eGFR = estimated glomerular filtration rate; BOLD = blood oxygenation level
dependent; ADC = apparent diffusion coefficient; FA = fractional anisotropy; ASL = arterial
spin labelling

Acute rejection and repeat MRI

Twelve participants had at least borderline rejection reported on their biopsy, of whom 7 were
treated for acute rejection. When MRI findings were compared between those who had
rejection versus those who did not have rejection only BOLD T2*-cortex was significant
(median increase 8.9 ms; p=0.04). Of the 7 patients who were treated for acute rejection, 4
attended for a repeat MRI (2 cancelled due to COVID and 1 did not attend), of whom 2 had
progressive deterioration in renal function and 2 had stabilisation of renal function. There was
no convincing trend in any MRI parameter with the differing clinical responses between the
participants. For instance, cortical T1 increased in one of the participants with a good
outcome by a similar amount as it did in a participant with a bad outcome (full data available

in supplementary material S8.3).
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Supplementary material S8.3: Biochemical and MRI data for the 4 participants who
underwent repeat MRI following treatment for acute rejection. Of these participants 2 had
poor outcome with progressive decline in kidney function while 2 had a good outcome with
stabilisation of their kidney function. There was no apparent trend in MRI parameters

between those participants with a good and poor outcome.

Participant 1 Participant 2 Participant 3 Participant 4
Poor outcome Poor outcome Good outcome | Good outcome
Baseline serum | 315 184 123 160
creatinine
Creatinine at 515 265 128 145
repeat MRI
Final creatinine | 550 607 130 183
at follow-up
Time between 18 12 21 14
MRIs
AVolume 17.24 25.88 5.64 15.5
AT1-cortex -0.9 -50.6 76.9 -95.3
AT1-medulla -175.8 -115.1 471.9 -13.8
AT2-cortex 11.8 8.7 2.4 -6.3
AT2-medulla 9 -3.9 5.8 0.6
ABOLD T2*-
cortex 26.1 9.9 6.7 2.7
ABOLD T2*-
medulla 4.4 11 -18.7 6.7
AADC-cortex -0.5 -115.9 26.7 -23.7
AADC-medulla | 11.8 -220.5 -10.7 108.3
AFA-cortex 31.7 33.4 -5.1 -94.6
AFA-medulla -9.9 -99.9 20.8 8.7
AASL-cortex - 6 28.1 55.7
AASL-medulla - -11.9 3.7 26.9
Discussion

In this small prospective study that was stopped early due to the COVID-19 pandemic, there
was no correlation between any MRI variable and the percentage of renal cortex containing
fibrosis. T1-cortex and T1-CMD weakly correlated with final eGFR and baseline eGFR
respectively. More convincingly, there was a significant difference in T1 cortex in those who
required dialysis compared to those who did not, and this association remained significant
when baseline eGFR was accounted for. From the 4 participants who were treated for acute
rejection and underwent repeat MRI, there was no consistent trend in any MRI variable to
differentiate good versus poor outcome. Similarly, there was no signal that any MRI variable

could differentiate the different aetiologies of transplant dysfunction with wide.
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In contrast to the present results, several previous studies have shown that functional MRI can
detect fibrosis in renal allografts. Friedli et al. report MRI findings in 33 renal transplant
recipients undergoing clinically indicated transplant kidney biopsy. They found that ADC
corticomedullary difference negatively correlated with histological fibrosis (1> = 0.64,
p<0.001), such that a negative it yielded 100% sensitivity and 71% specificity to discriminate
fibrosis of 40% or more. Wang et al found that ADC negatively correlated with interstitial
fibrosis (p = 0.77, p<0.001) in 103 renal transplant recipients who were undergoing clinically
indicated biopsies. They also found that ASL and BOLD significantly associated with fibrosis
(r=0.77, p<0.001 and p = 0.61, p <0.001, respectively) and all 3 variables was able to
independently discriminate patients with and without 50% fibrosis with an area under the
curve of >0.85. '*°. Bane et al. performed MRI in 27 renal transplant recipients in whom 15
had stable allograft function and 12 had chronic dysfunction (¢GFR <30 ml/min/1.73 m?).
ADC and T1-CMD differentiated the functioning allografts from fibrotic ones, with excellent
cross-validated diagnostic performance when used in combination. They also found that
cortical ADC and T1 had good performance at predicting an eGFR decline of >4 ml/min/1.73
m? per year at 18 months '*°. Finally, Berchtold et al. examined multiparametric renal MRI in
164 patients with CKD, of whom 118 had a renal transplant, and found that ADC
corticomedullary difference and T1 corticomedullary difference correlated with interstitial
fibrosis, and when combined with eGFR in a multivariable model it could predict <10%
fibrosis and >50% fibrosis with area under the curves of 0.88 and 0.91, respectively 4. The
most plausible explanation for the lack of association observed in the present study is reduced
sample size (n=20 for ADC). The MRI scanners used in the studies were similar, with the
exception of Bane et al who used a 1.5T scanner !>, Analysis approaches varied across all the
studies, but with previous studies using the mean results from a greater number of ROIs
compared to a single representative ROI that was used here, albeit with some justification for

the current approach %!,

The study has strengths, most notably it’s comprehensive multi-parametric MRI protocol
using state-of-the-art hardware and the very close time scale between MRI and biopsy. This
study has limitations, the most notable of which is that it is underpowered. Complete datasets
were available for 20 participants whereas 60 were required based on the pre-specified sample
size calculation. There was a wide variety of histological diagnoses suggesting a heterogenous
cohort, of whom 12 participants had some histological evidence of acute rejection reported,
but only 7 were clinically treated as such, suggesting discrepancy in the clinical and

histological impressions. Overall, the degree of fibrosis present in the cohort was low, with a
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median of 10%. It unlikely that being able to differentiate 5 and 15% fibrosis would result in a
change in management and therefore MRI’s inability to differentiate here is of doubtful
clinical significance. The multi-parametric MRI protocol combined with the comprehensive
clinico-histopathological outcome data necessitated that multiple statistical comparisons were
performed. While adjusting statistical thresholds for multiple comparisons is not

recommended,?”**%*

we acknowledge the increased likelihood of type 1 errors and,
consequently, isolated significant results should be interpreted with caution (e.g. FA-CMD
correlated with the percentage of non-scarred cortex containing inflammation, but the results
for FA-cortex and FA-medulla were negative, as was FA-CMD when compared to total

cortex containing inflammation).

Conclusion

This study was stopped prematurely and, consequently, was underpowered. However, in the
setting of transplant dysfunction there is a clinical necessity to secure the correct diagnosis
and thus the correct deployment of potentially toxic treatments. Accordingly margins for error
in diagnosis are narrow. Even in this small cohort, it was evident that a wide variety of MRI
results corresponded with the same findings on histology. As such, while larger studies may
confirm moderate correlations between MRI variables and histology, on an individual patient
level, it is unlikely that multi-parametric renal MRI will ever replace, or arguably
compliment, kidney biopsy in the assessment of transplant dysfunction. The finding that T1-
cortex differentiated those with future graft failure independent of baseline eGFR warrants
further study to assess its role in prognostication irrespective of its lack in diagnostic

differentiation.
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Chapter 9 — Final Discussion

9.1 Summary of findings

The key findings from this thesis are summarised below (by chapter)

9.1.1 Global longitudinal strain associates with mortality in kidney

failure

In a retrospective study of 215 participants with kidney failure, left ventricular global
longitudinal strain (LV-GLS) on cardiovascular MRI associated with all-cause
mortality, independent of baseline clinical variables and future renal transplantation.
This effect was present even when >90% of the cohort had normal LVEF.

The survival benefit of renal transplantation was evident even in the quartile of
participants with the most severely impaired LV-GLS.

Using LV-GLS, instead of LVEF, to diagnose cardiac dysfunction in patients with
kidney failure could result in a major advance in our understanding of cardiovascular
disease and prognosis in kidney failure, but LV-GLS in isolation is unlikely to be helpful

when assessing an individual’s suitability for renal transplantation.

9.1.2 Myocardial native T1 is modifiable by haemodialysis with fluid

removal

In a prospective study of 26 patients undergoing regular haemodialysis, acute changes
in cardiac volumes and myocardial composition were detectable on 3T cardiovascular

MRI following haemodialysis with fluid removal.

Small, but significant, reductions in global myocardial T1 and T2 relaxation times were
observed after dialysis suggesting that the abnormal native T1 signal in patients
undergoing haemodialysis is not entirely due to fibrosis.

The timing of cardiovascular MRI scanning in relation to a patient’s dialysis schedule

is crucial, particularly if serial scanning is required for clinical or research purposes
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9.1.3 Radial-VIBE MRI can detect vascular calcification in patients

with kidney failure

In a prospective study of 96 individuals with kidney failure (24 haemodialysis, 72
transplant), a radial-VIBE sequence on MRI was able to detect thoracic aortic
calcification. Subjective, qualitative, blinded, visual comparison between radial-VIBE
and gold-standard CT yielded to a high degree of agreement (median Likert score 4.6 /
5.0 (SD 0.8)). However, on semi-automated quantitative analysis, there was
proportional bias in the measurement of calcium volume by radial-VIBE compared to
CT, with radial-VIBE over-estimating the volume of calcification when minimal
calcification was present and under-estimating it when extensive calcification was

present.

914 ECV-CT does not correlate with non-contrast cardiovascular MRI

findings in patients on haemodialysis

In a prospective study of 23 participants on regular haemodialysis there was no
correlation between extracellular volume on CT (ECV-CT) and myocardial native T1.
ECV-CT merits further study as a potential cardiovascular imaging biomarker,
especially in dialysis populations who have a high prevalence of myocardial fibrosis
but in whom current diagnostic strategies involving gadolinium-based contrast agents
are relatively contraindicated. However, using the present ECV-CT protocol in
patients on dialysis has displayed poor intra-observer reproducibility and wide intra-

subject variability.

9.1.5 In multiparametric renal MRI analysis manually drawn regions of
interest for the cortex or a representative area of cortex can be used

interchangeably
In a prospective study of 40 participants (10 healthy volunteers, 10 patients with left

ventricular systolic dysfunction and 20 renal transplant recipients) comparing different

regions of interest (ROI) for the analysis of renal MRI, it was found that manually
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drawn ROIs delineating the cortex or in a representative area of cortex could be used
interchangeably, with acceptable inter-observer reproducibility.

Whole kidney ROIs for T1 mapping, arterial spin labelling and diffusion-weighted
imaging were highly reproducible but should be used with caution given that the
results represent a central value from an extremely wide range.

Clinical correlation of the results using regions of interest from manually delineated
cortex or an area of representative cortex are awaited from ongoing and future research
studies

For kidney volume, contouring alternate slices, rather than every slice, of a localiser
scan produced similar results with improved time-efficiency, although validation of the

measured volumes using 3D techniques is still required.

9.1.6 No meaningful correlation between multi-parametric renal MRI

findings and renal histology in patients with transplant dysfunction

In a small study of 28 participants (20 with complete data) that was stopped
prematurely due to the COVID-19 pandemic, there was no correlation between any
renal MRI variable and the percentage of renal cortex containing fibrosis. The study
was underpowered to detect correlations of a moderate magnitude. However, in the
setting of transplant dysfunction there is a clinical necessity to secure the correct
diagnosis and thus the correct deployment of potentially toxic treatments.
Accordingly, margins for error in diagnosis are narrow. Even in this small cohort, it
was evident that a wide variety of MRI results corresponded with the same findings on
histology. As such, while larger studies may confirm moderate correlations between
MRI variables and histology, on an individual patient level, it is unlikely that multi-
parametric renal MRI will ever replace, or arguably compliment, kidney biopsy in the
assessment of transplant dysfunction. The finding that T1-cortex differentiated those
with future graft failure independent of baseline eGFR warrants further study to assess

its role in prognostication irrespective of its lack in diagnostic differentiation.

9.2 Strengths, limitations, and challenges
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The specific strengths and limitations of the 6 manuscripts included in this thesis are
described in the discussion section of each manuscript. As a complete body of work, this
thesis has strengths and limitations. The multi-modal, multi-organ approach to imaging in
this patient group is a strength of this thesis. There is no cure for established kidney failure.
As a result, once a patient develops kidney failure, they will often undertake multiple forms of
renal replacement therapy, dealing with the specific complications of each. When on
haemodialysis, they will be subjected to a drastically increased cardiovascular risk. If they
receive a kidney transplant, their cardiovascular risk is reduced significantly, however their
worries often switch to concern for their transplant function. This thesis therefore follows a
common path taken by many patients as it moves from dialysis to transplantation. The
unifying theme joining these 6 distinct studies is the patient group for which they are relevant,
and this patient/population specific focus is a strength. The design of the prospective studies
was careful to maximise research potential, while minimising burden to participants, by
allowing 3 distinct research questions to be answered by 2 patient visits (2 MRI, 1 CT) within
24 hours. Similarly, the renal MRI studies utilised clinical hospital visits to minimise burden
to participants and ensure minimum time between biopsy and MRI. The breadth of imaging
modalities examined in this thesis is also a weakness, as each in turn is afforded less detail.
Furthermore, the patient group, although joined by the commonality of kidney failure, is
heterogeneous, with notable differences between dialysis and transplant populations in terms
of risk profile and care priorities. For all the studies, the sample size was small, and the

studies were observational, allowing no causation or intervention to be assessed.

9.3 Future work

Based on the findings of the present thesis the following studies are warranted (by chapter):

9.3.1 Left ventricular global longitudinal strain

- Studies confirming the prognostic capabilities in an independent cohort, especially in a
cohort more representative of the maintenance haemodialysis population with regards age
and co-morbidities

- Longitudinal studies assessing if a change in LV-GLS associates with a change in
prognosis
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Studies that can reliably assess the relationship between LV-GLS and cardiovascular
outcomes in patients with kidney failure

Studies exploring the potential differential prognostic capabilities of LV-GLS in men
with kidney failure compared to women with kidney failure

Studies exploring cardiovascular therapeutics in patients with kidney failure who have

impaired LV-GLS

9.3.2 Native T1 mapping as a biomarker of cardiovascular risk in

kidney failure

Comparison of native T1 mapping before and after dialysis in patients that underwent
dialysis but without fluid removal.

Studies examining the prognostic capabilities of native T1 mapping in patients with kidney
failure (with careful standardisation of imaging schedules and awareness of the potential

confounding effect of fluid status and the dialysis process).

9.3.3 Radial-VIBE MRI for the detection of vascular calcification

Further work is required on image optimisation of radial-VIBE and could benefit from
utilising smaller voxel size, improved motion correction and optimised protocols allowing
anatomical sequences to be utilised for creating a mask that can be applied to identical

radial-VIBE images.

9.34 ECV-CT for detecting myocardial fibrosis in patients with kidney

failure

Studies examining ECV-CT in patients undergoing haemodialysis with imaging on non-
dialysis days, with additional heart rate control and using dual-energy or spectral CT with
specific post-acquisition software to improve registration.

Studies comparing ECV-CT and ECV-MRI in patients with less advanced CKD who can

safely receive gadolinium-based contrast agents.
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9.3.5 Comparing regions of interest for the analysis of renal MRI

- Studies comparing ROIs of manually delineated cortex from a single slice versus a mean
result from multiple adjacent slices
- Studies comparing ROIs of representative cortex from a single slice versus a mean result

from multiple ROIs drawn on multiple adjacent slices

9.3.6 Renal MRI to investigate renal transplant dysfunction

- Larger studies (comprising at least 60 participants) comparing renal MRI to histology
- Retrospective analysis of previous studies to assess if T1-cortex associates with graft

failure in other cohorts

9.4 Conclusion

There is a clear role for the development and validation of reliable biomarkers for patients
with kidney failure. Initial application would be to clinical research, either as surrogate
outcome measures in clinical trials exploring novel therapeutics or as participant enrichment
tools to improve trial efficiency by identifying participants who are most likely to benefit.
Beyond this, it is plausible that biomarkers could be applied in clinical practice to improve the

management of patients with kidney failure.

The pathological basis for the excess cardiovascular mortality observed in patients with
kidney failure is driven by myocardial fibrosis and vascular calcification. In clinical practice,
diffuse myocardial fibrosis can be diagnosed and quantified using contrast-enhanced MRI.
However, gadolinium-based contrast agents are relatively contraindicated in patients with
kidney failure. Therefore, non-contrast methods that reliably identify myocardial fibrosis in
kidney failure would allow better understanding, prognostication and potentially intervention
in this high-risk patient population. Similarly, there are drawbacks to existing methods of
identifying vascular calcification, in that although it can be reliably detected on CT, this
requires exposure to ionising radiation, which limits the use of serial scanning in research
settings. In the present thesis I aimed to interrogate some emerging imaging biomarkers for
cardiovascular disease in kidney failure by studying: LV-GLS for prognostication in patients
with kidney failure, exploring the changes in native T1 mapping in response to dialysis,
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calculating myocardial ECV-CT in a cohort of patients undergoing regular dialysis and

exploring a novel method for identifying vascular calcification on MRIL

LV-GLS on MRI appears to be superior to other imaging parameters for prognosticating all-
cause mortality in people with kidney failure, but it remains to be proven if LV-GLS is
modifiable and if any change associates with a proportional change in prognosis. As
awareness of LV-GLS increases, it is likely that LV-GLS will be reported increasingly in
clinical echocardiograms and cardiac imaging studies as an alternative index of cardiac
function. However, for it to lead to a reduction in cardiovascular risk in patients with kidney
failure it will require large, outcome-driven clinical trials proving that LV-GLS can be used to
select patients who would benefit from a particular therapy. From the data presented in this
thesis, is it not likely that LV-GLS in isolation offers any merit in assessing patients for

transplant suitability.

Native T1 mapping may yet be proven to identify myocardial fibrosis in kidney failure but the
fact it reduces in response to a single dialysis session with fluid removal means its role as a
surrogate outcome measure in future clinical trials is doubtful. Any future studies exploring
the role of native T1 mapping in kidney failure will need to carefully consider the
confounding impact of fluid status on results. On the other hand, it is plausible that
myocardial oedema, independent of myocardial fibrosis, portends a worse prognosis, and so a
reduction in myocardial native T1 signal may be prognostically relevant, regardless of the
cellular changes underlying it. Furthermore, the difference in native T1 signal observed in the
present thesis was of a small magnitude. If an intervention were shown to reduce native T1
signal by a much larger amount, then the variability observed post-dialysis may be negligible

in comparison.

Given the variability in myocardial native T1 observed in patients on dialysis, identifying an
alternative method of quantifying myocardial fibrosis is appealing. ECV-CT would be readily
available, avoid exposure to gadolinium and is supported by encouraging results in patients
with cardiac amyloid and aortic stenosis. Unfortunately, in the present study, ECV-CT
showed no correlation with any CMR parameter but, more concerningly, showed an
unacceptably wide inter-observer reproducibility. Further analysis found significant changes
in ECV-CT estimation even when the same observer examined adjacent slices in the same
participant, without obvious artefact or biological explanation for the discrepancy. Whether
this variability can be overcome by heart rate control and improved software registration

remains to be seen.
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Radial-VIBE MRI has advantages over CT for the identification of vascular calcification, but
the fact that current radial-VIBE imaging does not allow reliable quantification of
calcification volume dramatically reduces its utility in both research and clinical settings. The
suggested strategies for improving radial-VIBE image quality are achievable and could
translate to improvements in quantification accuracy. However, due to the accessibility and
accuracy of CT, combined with the limited therapeutic interventions for vascular
calcification, even if improvements are realised, the clinical utility of radial-VIBE is likely to
be limited to patients who are already undergoing cardiovascular MRI or MRI-angiography

for an alternative reason.

With regards renal MRI, it is possible that a multiparametric approach can allow interrogation
of the kidney parenchyma with regards inflammation, fibrosis, perfusion and oedema.
However, in the setting of acute kidney transplant dysfunction, a high level of diagnostic
accuracy is required to justify potentially toxic treatments. Even from this small, under-
powered study, it is clear that renal MRI (in its current form) cannot reliably differentiate
varying aetiologies of transplant dysfunction. Renal MRI may still have clinical utility for the
diagnosis of fibrosis in kidney transplants. Previous studies have shown functional renal MRI
can reliably differentiate extensive from minimal fibrosis. If so, then this would be sufficient
to avoid a patient with extensive fibrosis undergoing an invasive kidney biopsy and allow
earlier focus on future renal replacement therapy planning. The lack of correlation between
MRI findings and fibrosis in the present thesis is explained by the low levels of fibrosis in the
sample (median 10%) and discriminating between low levels of fibrosis is not clinically

relevant. Further studies exploring renal MRI for the detection of fibrosis are warranted.

Individuals living with kidney failure continue to have huge unmet care needs. Reliable
imaging biomarkers would allow therapeutics to be trialled more readily to address these
needs. However, the results of the present thesis suggest that, in their present form, neither
functional MRI for the identification of cardiovascular disease in patients undergoing dialysis,
nor renal MRI in patients with transplant dysfunction, are ready for implementation into

clinical trial research protocols or clinical practice.
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