Investigating the Pathophysiology of Acute Ischaemic Stroke

Using Magnetic Resonance Imaging

D.Phil. thesis, University of Oxford

George W. J. Harston

MA, MBBChir, MRCP (UK)

Magdalen College, Oxford



Investigating the Pathophysiology of Acute Ischaemic Stroke Using Magnetic
Resonance Imaging

DPhil thesis, George W.J. Harston, Magdalen College
Hilary Term, 2015

Abstract

The original description of the ischaemic penumbra asserted that both cerebral blood
flow and metabolism would be required to monitor therapeutic intervention in acute
ischaemic stroke. However, imaging in stroke trials has predominantly used biomarkers
of infarction or perfusion-weighted signal to identify the pathophysiological processes
that occur. This approach has neither identified novel treatment targets, nor been shown
to consistently select patients who might benefit from intervention. The aim of this
thesis was to use magnetic resonance imaging (MRI) biomarkers to identify and
describe the pathophysiology of acute ischaemic stroke in patients.

Patients admitted to the John Radcliffe Hospital in Oxford were recruited into a clinical
imaging study. Serial imaging data were acquired, predominantly in the first hours after
symptom onset, to capture the early dynamics of brain pathophysiology. Tissue status
was meticulously defined over time to ensure robust interpretation of the novel imaging
biomarkers: multiple post labeling delay arterial spin labeling to measure cerebral blood
flow (CBF), and amide proton transfer to generate an intracellular pH-weighted signal.

At a group level, the regions with the most severe injury had the lowest mean CBF and
the greatest acidosis at presentation. There was a gradient of mean CBF and pH-
weighted signal from the most ischaemic tissue to healthy tissue, but at the level of the
individual there was considerable overlap in both parameters. The dynamics of
perfusion were not sufficient to explain tissue outcome. Both acidosis and alkalosis
were observed up to 24 hours in tissue that infarcted, and the nature of the pH change
correlated with the timing of infarction.

These data show that single imaging biomarkers cannot explain the pathophysiology of
stroke and tissue fate. There is heterogeneity of pathophysiology both within and
between patients, and the dynamics of these processes vary. Insight from pH-weighted
imaging highlights the limitations of using perfusion imaging alone to assess tissue
status, and supports the use of complementary metabolic imaging in the investigation of
ischaemic stroke.



Table of contents

21 1 T 2
Table of CONENLS ... ——————————————————— 3
ADDIeVIations ... ——————————— 5
List Oof pUDLiCations ... 7
ACKNOWIEAZEMENLS ...t s s n s sn s anss 9
Chapter 1: INtroduction ... s 10
1. Stroke bacKground.......nssssssssss s s sssssssssssssssas 10
2. Imaging BioMAarKers ... s ssses 15
3. Imaging guidelines for Stroke ... ————" 18
4. CT and CT PerfusSion.... s sssssssssssssssssssssssssssssssssssssssssnss 20
TR ) 3 . 21
6. TRheSiS QM . ————————————_—_———— 34

.................................................................................................................................................. 35
B IS 5 1 o0 Yo 10 ot 03 o . 35
I ¥ (] o 4 o Y o 37
B N (Y] 1 39
D D 1T 011 Y3 (0 43
LS T 0003 5 1ol 1 (0 1 49
Chapter 3: General Methods........ccooiiininnmniss s 50
B O 7Y 74 1= . 50
2. Study partiCiPants ... —————————————— s ————— 50
1 TN Y 16 478 0 0 1o LD o 51
T 1T Vo0 54
5. Recruitment reSULLS ... sssss s s s s sas s n s s n s s nn e san e s snmnaann 57
Chapter 4: Optimization Of Infarct Definition......nn. 62
B S 5 1 o0 Y6 10 Ut 03 o . 62
N ¥ (=] o 4 o Y o 66



B N (Y] 1 71

D D 1T 011 Y3 0 87
LS T 0003 5 1ol 1 (0 1 92
Chapter 5: Quantification of Cerebral Blood Flow In Acute Stroke..........ccoccuuu. 94
B IS 5 1 o0 Y6 10 ot 03 o 94
I ¥ (] o 4 o Y o 97
1 I (Y] ) 103
N D 1T 011 Y3 o) 116
LT 0003 5 1ol ) 1 0 1 121

Chapter 6: Serial pH-Weighted Imaging In Acute Stroke: Amide Proton

Transfer MR 123
BTSN 0 ¢ 1o 0T 10Tt 0 ) 123
2 | U= 1 ¢ 0T 129
B 2T 1 1 L 132
2 TR ) 1Y 011 11 ) o . 143
LS T 03 ¢ Lol L1 0 4 149
Chapter 7: Summary and CONCIUSIONS .......cociminensmnmnssmmnssnssssssssssssssssssssssans 150
BT 11 401 = 1 2 150
2. General conSIderations......mimmss s ———————— 152
BT 010D o< V0 ) ) 158
26 SR 08 10530 0 Vel 1= 1 B 1 g . 161
Appendix A: Example Search Strategy used in Chapter 2.........ccccvnnrininsnninns 162
Appendix B: Studies included in Chapter 2 ... 163
Appendix C: Studies using Imaging as Eligibility Criteria .......ccocvnnisinnnsnnnne 169
Appendix D: Studies using Imaging to Assess QUtCOME..........cocumrersmsmsnssnssssssnnes 171
Appendix E: Studies using Imaging to Define Subgroups........ccccunnrsnnnsnnnns 177
ReEfEreNCes ... ——————— 182



ADC
ADP
AIF
AMICI
ANOVA
APT
ASL
ASPECTS
ATP
AUC
BAT
BBR
BOLD
CASL
CBF
CBV
CEST
CNR
CSF
CT
CTA
CTP
DSA
DSC
DWI
ECASS
EPI
FLAIR
FLIRT
FMRIB
FNIRT
FNR
FPR
FSL
GH
LACS
MO
MPRAGE
MRA
MRI
MRP
MTT

Abbreviations
Apparent diffusion coefficient
Adenosine diphosphate
Arterial input function

Acute Magnetic Resonance Imaging in Cerebral Ischaemia

Analysis of variance

Amide proton transfer

Arterial spin labeling

Alberta Stroke Programme early CT score
Adenosine triphosphate

Area under the curve

Bolus arrival time

Boundary-based registration

Blood oxygen level dependent
Continuous arterial spin labeling

Cerebral blood flow

Cerebral blood volume

Chemical exchange saturation transfer
Contrast-to-noise ratio

Cerebrospinal fluid

X-ray computed tomography

Computed tomography angiogram
Computed tomography perfusion

Digital subtraction angiography

Dynamic susceptibility contrast

Diffusion weighted imaging

European Cooperative Acute Stroke Study
Echo planar imaging

Fluid attenuated inversion recovery

FSL linear registration tool

Functional Magnetic Resonance Imaging of the Brain
FSL non-linear registration tool

False negative rate

False positive rate

FMRIB Software Library

George Harston, thesis author

Lacunar stroke

Mean overlap

Magnetization-prepared rapid gradient echo
Magnetic resonance angiogram

Magnetic resonance imaging

Magnetic resonance perfusion

Mean transit time



NINDS
PACS
PASL
PCASL
PD
PET

Pi

PLD
POCS
PVE
PWI
RCT

ROC
ROI
SPECT
Tl

T2
TACS
TCD
TE
Tnax
TR
TRAIT
TTP
uo
VEPCASL

National Institute of Neurological Disorders and Stroke
Partial anterior circulation stroke

Pulsed arterial spin labeling
Pseudocontinuous arterial spin labeling
Proton density

Positron emission tomography

Phosphate

Post labeling delay

Posterior circulation stroke

Partial volume estimate

Perfusion weighted imaging

Randomized controlled trial

Radiofrequency

Receiver operating characteristic

Region of interest

Single photon emission computed tomography
Longitudinal recovery

Transverse decay

Total anterior circulation stroke

Transcranial Doppler

Echo time

Time to maximum

Repetition time

Treatment relevant acute imaging target

Time to peak

Union overlap

Vessel-encoded pseudocontinuous arterial spin labeling



List of publications

Publications arising from this thesis:

Harston GWIJ, Tee YK, Blockley N, Okell T, Thandeswaran S, Shaya G, Sheerin F,
Cellerini M, Payne S, Jezzard P, Chappell M, Kennedy J. (2015) Identifying the
Ischaemic Penumbra Using pH-weighted Magnetic Resonance Imaging. Brain. 138:
36-42

Harston GWJ, Rane N, Shaya G, Thandeswaran S, Cellerini M, Sheerin F, Kennedy J.
(2015) Imaging Biomarkers in Acute Ischemic Stroke Trials: A Systematic Review.
AJNR Am J Neuroradiol. [Epub ahead of print]. DOI: 10.3174/ajnr.A4208

Tee YK, Harston GWJ, Blockley N, Okell TW, Levman J, Sheerin F, Cellerini M,
Jezzard P, Kennedy J, Payne SJ, Chappell MA. (2014) Comparing Different Analysis
Methods for Quantifying the MRI Amide Proton Transfer (APT) Effect in Hyperacute
Stroke Patients. NMR Biomed. 27:1019-1029

Harston GWJ, Batt F, Fan L, Okell TW, Sheerin F, Littlewood T, Kennedy J. (2014)
Lacunar Infarction Associated with Anabolic Steroids and Polycythemia: A Case
Report. Case Rep Neurol. 6:34-37

Harston GWJ, Sheehan M, Kennedy J. (2014) Emergency medicine research: rites,
rituals and consent. Emerg Med J. 31:90-91

Harston GWJ, Tee YK, Jones M, Payne S, Pope G, Sheerin F, Kennedy J. (2013)
Ventricular Extension of Intracerebral Hemorrhage during Intravenous Thrombolysis.
Cerebrovasc. Dis. 36: 324-325

Presented abstracts arising from this thesis (GH as first author):

Medical Engineering Centres Annual Meeting and Bioengineering 2014 (London):

Harston GWJ, Tee YK, Blockley N, Okell TW, Levman J, Sheerin F, Cellerini M,
Jezzard P, Chappell M, Payne S, Kennedy J. Identifying the ischaemic penumbra using
pH-weighted magnetic resonance imaging — poster presentation

Harston GWJ, Levman J, Okell TW, Pope G, Reckless I, Sheerin F, Cellerini M, Payne
S, Chappell M, Jezzard P, Kennedy J. Serial changes in Apparent Diffusion Coefficient
in Acute Ischemic Stroke — poster presentation

International Society of Magnetic Resonance in Medicine Meeting 2014 (Milan):

Harston GWJ, Okell TW, Sheerin F, Cellerini M, Payne S, Jezzard P, Chappell M,
Kennedy J. Serial perfusion imaging using arterial spin labeling in acute ischemic stroke
(0592) — platform presentation; prize: summa cum laude



Harston GWJ, Tee YK, Blockley N, Okell TW, Levman J, Sheerin F, Cellerini M,
Jezzard P, Chappell M, Payne S, Kennedy J. Serial pH-weighted imaging using amide
proton transfer in acute ischemic stroke (0763) — platform presentation; prize: magna
cum laude

Harston GWJ, Levman J, Okell TW, Pope G, Reckless I, Sheerin F, Cellerini M, Payne
S, Chappell M, Jezzard P, Kennedy J. Serial changes in Apparent Diffusion Coefficient
in Acute Ischemic Stroke (2029) — poster presentation

European Stroke Conference 2013 (London):

Harston GWJ, Tee YK, Chappell M, Blockley N, Okell T, Levman J, Reckless I, Pope
G, Sheerin F, Cellerini M, Rane N, Jezzard P, Payne S, Kennedy J. pH-weighted
imaging in acute stroke: can metabolic imaging help us better understand the
penumbra? — platform presentation Cerebrovasc Dis 35(Suppl 3): 46 (2013)

Harston GWJ, Tee YK, Chappell M, Blockley N, Okell T, Levman J, Reckless I, Pope
G, Sheerin F, Cellerini M, Rane N, Jezzard P, Payne S, Kennedy J. Tissue outcome in

acute ischemic stroke: how useful is perfusion? — poster presentation Cerebrovasc Dis
35(Suppl 3): 415 (2013)

Harston GWJ, Rane N, Kennedy J. Imaging Surrogates in Acute Stroke Trials: a
Systematic Review — poster presentation Cerebrovasc Dis 35(Suppl 3): 418 (2013)

Brain Conference 2013 (Shanghai, ISCBFM):

Harston GWJ, Tee YK, Chappell M, Blockley N, Okell T, Levman J, Sheerin F,
Cellerini M, Jezzard P, Payne S, Kennedy J. pH-weighted imaging in acute stroke: how
does it compare to conventional techniques? Poster abstract no.: A-551-0024-00404 —
poster presentation



Acknowledgements

I am indebted to a large number of individuals for their help and support in the writing
of this thesis. In particular I must thank my supervisor, Professor James Kennedy,
whose support and guidance over many years have led me to undertake research in
stroke medicine. I have benefited enormously from his knowledge and wisdom in both
the clinical and research settings. I am also grateful to my co-supervisor, Professor
Stephen Payne, who has provided valuable insight over the duration of my research
fellowship.

I must also acknowledge the help I have received from clinical fellow colleagues. Dr.
Siva Thandeswaran and Dr. Gabriel Shaya both collected data that was used in this
thesis. Dr. Neil Rane and Dr. Gabriel Shaya contributed to the systematic review in
Chapter 2. I am grateful to Dr. David Minks for his work providing the complementary
delineation of the follow up lesions used in Chapter 4.

I am grateful to the Acute Stroke Service at the Oxford University Hospitals NHS Trust
for facilitating the recruitment of patients under their care into these research studies. In
particular, I am indebted to the stroke consultants at the John Radcliffe Hospital, Rocel
Espinosa, and Rachel Teal for their advice and support. To the team in the Oxford
Acute Vascular Imaging Centre I am also grateful, especially Juliet Semple, Melanie
Jones, and Carol Davey, without whom we would not have been able to deliver acute
clinical research imaging in this cohort of patients. From the Department of
Neuroradiology, I am thankful to Dr. Martino Cellerini for providing clinical MRI
reports, and also to Dr. Fintan Sheerin, not only for providing MRI reports, but also for
reviewing the manually delineated follow up lesion definitions in Chapter 4, and for his
insightful comments and advice throughout my research fellowship.

I have received invaluable support and advice from the research groups of Professors
Jezzard, Payne and Chappell, and the regular input from the group leaders has ensured
the technical integrity of this work. Specifically, I am indebted to Dr. Thomas Okell and
Professor Michael Chappell, who developed the arterial spin labeling sequence and
associated post processing used in Chapter 5. For the work in Chapter 6, I am grateful to
Dr. Nicholas Blockley and Professor Peter Jezzard who developed the chemical
exchange saturation transfer sequence, and to Dr. Yee Kai Tee and Professor Chappell
who provided the post processing software to quantify the pH-weighted signal.

Finally, I would like thank my family and in particular my wife, Sarah, for her tolerance
and encouragement. I am also grateful for the support of my parents, and for their
lifelong inspiration and backing.

This work was financially supported by the National Institute for Health Research
Oxford Biomedical Research Centre Programme, the Dunhill Medical Trust and the
Centre of Excellence for Personalized Healthcare funded by the Wellcome Trust and
Engineering and Physical Sciences Research Council.



Chapter 1: Introduction

1. Stroke background

The incidence of stroke in the UK since the turn of the millennium has fallen, but
improved survival means the prevalence of stroke has remained stable at 25 per 1000.'
The estimated cost of stroke to the UK economy is around £9 billion per year and
accounts for 5% of NHS spending.” Despite the societal and economic burden that
stroke presents the early treatment options for acute ischaemic stroke remain limited to
intravenous thrombolysis and possibly mechanical thrombectomy, * with other
measures such as stroke unit care and hemicraniectomy aimed at optimizing recovery

e e . . . 5.6
and minimizing complications of the disease.™

Many neuroprotective and reperfusion therapies for acute stroke have shown promise in
preclinical experiments, but failed to translate into clinical practice.” ® Possible
explanations for this failure include the heterogeneity of stroke and the challenge of
distinguishing stroke pathologies acutely,” '° poor study design,'' and inadequate

781213 Better identification of the pathology of human stroke in the

preclinical models.
acute setting would help meet some of these challenges, by improving diagnosis,

identifying specific pathophysiological processes and potential treatment targets, and

stratifying patients into homogeneous groups.

1.1. Pathophysiology of acute ischaemic stroke
Stroke is a heterogeneous disease consisting of ischaemic and haemorrhagic types,
which account for 80% and 20% of the disease burden respectively.'* Within ischaemic
stroke, there are multiple aetiologies which lead to ischaemia (e.g. cardioembolism, in
situ small vessel disease),"” and within the cerebral parenchyma there are a range of

pathophysiological processes that mediate ischaemic injury."
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Ischaemia is the imbalance between the energy requirements of the cell and the blood
supply to it. The glucose and oxygen from the blood are required for aerobic synthesis
of adenosine triphosphate, ATP, the predominant source of chemical energy within the
cell, the level of which is normally maintained by oxidative phosphorylation. During
ischaemia, in both neurons and glia, ATP is maintained for a finite period by high
energy reserves (via creatine phosphokinase and adenylate kinase reactions) and
glycolysis.'®'” In addition, following permanent or transient interruption of the cerebral
blood flow, processes triggered by ischaemia, such as excitotoxicity and peri-infarct
depolarizations, increase the energetic requirements of cells. Collateral blood supply
means that cerebral hypoperfusion is rarely total, and its degree and duration will

determine the nature of the pathophysiological processes that ensue.'®

The mechanisms of ischaemic cell injury include: failure of ionic gradients, cell
swelling and necrosis; free radical mediated lipolysis or DNA damage; inflammation;
and mitochondrial dysfunction and apoptosis.”> The relative contributions of the
injurious pathways depend on the energetic imbalance and the tissue affected.”” The
time course for the different pathological processes range from minutes to weeks,'” >

and are dependent on the reperfusion dynamics of the tissue, which can be either

beneficial, or deleterious (e.g. in the context of reperfusion injury).*’

1.2. Ischaemic penumbra
The development and implementation of novel stroke therapies has centred on the
ischaemic penumbra model. The penumbra was first described by Lindsay Symon’s
group at the Institute of Neurology in Queen Square (London, UK),' and it describes

the fate of the brain early after the onset focal cerebral ischaemia. The model
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distinguishes infarcted tissue from tissue at risk of infarction, the so-called ischaemic

penumbra.

Symon and colleagues used primate models of focal cerebral ischaemia to investigate
the electrophysiological and biochemical changes following the onset of ischemia, and
the thresholds of blood flow at which these occurred. The group measured electrical
evoked responses over the cerebral cortex of the baboon and identified a threshold of
cerebral blood flow (CBF, 16-20ml/100g/min) below which electrical activity was

18, 22

suppressed, and then completely abolished (12ml/100g/min). Importantly the
abolition of the evoked responses could be reversed by elevating blood pressure and

restoring blood flow to suprathreshold levels demonstrating the reversibility of this

phenomenon.

A second CBF threshold at which so-called “membrane failure” occurred was also
described, below which tissue was thought to become irreversibly injured. Symon’s
group used ion-sensitive electrodes to measure the cortical extracellular potassium and
calcium concentrations. They found that at a CBF level of 8-11ml/100g/min the
concentration of extracellular potassium rapidly increased and the concentration of
extracellular calcium decreased.”** The group surmised that this rapid change in ion
concentrations was a result of intracellular potassium efflux due the energetic failure,
and hence membrane failure, of the cells. This established the presence of a CBF
threshold for the ischaemic core and the zone between these two thresholds was named
the ischaemic penumbra (both after the area around the dark area at the centre of a
candle flame and the bright zone surrounding the shadow during a solar eclipse).'®
Tissue with abnormal perfusion, but not at risk of infarction, is described as benign

oligaemia.
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Similar CBF thresholds for the cessation of electrical activity were described in patients
undergoing carotid endarterectomy,” but the first convincing evidence for the presence
of an ischaemic penumbra in human stroke came from positron emission tomography
(PET) studies in the early 1980s.°*® In these studies the ischaemic penumbra was
characterized by regions of hypoperfusion, with normal cerebral metabolic rate of
oxygen consumption (CMRO;) and elevated oxygen extraction fraction, and the
ischaemic core as an area of disrupted CMRO.. Later PET work correlated the regions
of the acute PET scan with follow up imaging and final clinical outcome,® *
confirming the presence of a clinically meaningful penumbral region in patients with

acute ischaemic stroke, opening the way to patient selection for therapy using

penumbral imaging techniques.”'

Subsequent preclinical and clinical data have suggested that the penumbral concept may
be an oversimplification of reality, with artificially binary tissue definitions and a

32-36 .
Dynamic changes occur

significant heterogeneity of pathologies within tissue types.
in the CBF and metabolism of the brain and accurate prediction of tissue at risk has

been demonstrated to be challenging, even using multitracer PET techniques.®’

1.2.1. Lacunar stroke
The presence of penumbra in lacunar infarction has been questioned as the affected
perforator arteries are thought to be without collateral vessels that would create the
graduated hypoperfusion required for a penumbra to exist.”® However, others have
hypothesized that penumbral tissue explains the sensitivity to haemodynamic instability
in some patients.”” Despite the challenges to the spatial resolution of neuroimaging in
lacunar stroke it has been shown that regions of infarct growth are associated with a

peri-infarct region hypoperfusion compared to those that do demonstrate infarct growth,
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which would support the presence of a salvageable region of tissue at risk.*” The size of
lacunar infarcts limits the insights that can be provided by neuroimaging, and the
generally good prognosis limits the availability of acute post mortem tissue. As a result

the pathogenesis of lacunar infarcts remains poorly understood.*!

1.3. Recanalization and reperfusion
Current evidence-based treatments for acute ischaemic stroke (intravenous thrombolysis
and mechanical thrombectomy) centre around recanalization of the occluded vessel,
which allows perfusion of the distal vascular bed and restoration metabolic substrate to
the ischaemic tissue. However, recanalization does not necessarily lead to reperfusion
and reperfusion may not result in tissue survival.** Reperfusion is superior at predicting
both tissue survival (quantified using either infarct volume or penumbral salvage) and

clinical outcomes than recanalization.* **

The dissociation between recanalization and reperfusion occurs because of either
perfusion from collateral blood vessels in the absence of recanalization of the feeding
artery,” or no reperfusion despite recanalization, the so-called “no-reflow”
phenomenon.” No-reflow is thought to result from emboli from the occluding
thrombus, in situ microthromi and inflammatory changes, neurovascular unit
dysfunction and pericyte death, and tissue oedema preventing restoration of the

microcirculation.*> #¢

A further dissociation exists between reperfusion and tissue survival. Reperfusion of
tissue that has already infarcted will be of no benefit, and delayed neuronal injury may
occur in apparently salvageable regions despite reperfusion as the pro-apoptotic
pathways are already in motion."” Furthermore, reperfusion itself can have deleterious

effects, a phenomenon known as reperfusion injury. Reperfusion injury is poorly
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understood, but proposed mechanisms include facilitation of oxidative stress and free
radical production, and excitotoxicity following glutamate release fuelled by the

restoration of blood flow.*

This dissociation between recanalization and reperfusion, and between reperfusion and
tissue survival, underlies the concept of futile recanalization, where successful

. . . . 48. 49
recanalization does not lead to clinical improvement.™

Development of imaging
biomarkers has the potential to improve the understanding of the factors that determine

outcome in stroke, and the different responses to treatments seen between patients.

2. Imaging biomarkers

Imaging is an appealing medium with which to investigate the pathophysiology of acute
stroke in patients. It allows insight into the brain structure, blood supply and
metabolism at the time of injury, when invasive investigations are not possible.
Histology remains the gold standard of investigation in many human diseases for both
research and clinical practice, but the inaccessibility of the brain and the often delayed
mortality following stroke mean that acquiring brain tissue acutely is rarely possible.
Imaging biomarkers have the potential to provide an alternative to histological
investigations. Imaging biomarkers have been used for various purposes in different
diseases: prediction, detection, staging, grading and the assessment of response to
treatment.”® In some fields, including oncology, imaging is widely used to guide

treatment, but in stroke there is much less evidence to support such an approach.’

2.1. Rationale for using imaging biomarkers
When considering imaging biomarkers, it is worth making the distinction between
biomarkers to provide insight into disease pathophysiology for scientific purposes, and

biomarkers for use in routine clinical practice. Biomarkers used in the pathological
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investigation of disease are by necessity disease-centred, and ideally directly reflect the
underlying biological processes. Such biomarkers provide insight into disease pathways
and may aid the identification of novel treatment targets. A degree of data loss and
imprecision can be tolerated at a study level, if understood and acknowledged, for these

disease-centred biomarkers.

Biomarker development for use in clinical practice has different requirements.
Understanding the biological basis for a signal is less important than its clinical
validation if it is to be used as a prognostic or risk factor, or a surrogate outcome. The
biomarker should be linked to patient-centred variables, outcomes that reflect how the

9 51

patient “feels, functions and survives”.”' Biomarkers used as surrogate outcomes do not
need to be intrinsically biologically meaningful, but must have been validated as a
surrogate that reflects patient outcome.’' Prognostic factors require equally robust
validation as surrogate outcomes to demonstrate that they have a clinical utility,

especially if they are used to identify subgroups of patients who may benefit from a

treatment.

However, having made the distinction between using biomarkers either as an
investigative technique or as a clinical tool, a biomarker is more likely to gain clinical
validity if it relates to the underlying disease pathophysiology. Whilst correlations with
disease outcome are often used to validate imaging biomarkers in the clinical setting, if
the relationship to the biology of the disease is properly understood this would provide
additional insight into potential treatment targets and improve translation between
preclinical models and patients. It would be possible for a biomarker to fulfill both

roles, provided the compromises are not too great for either purpose.
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2.2. Limitations of imaging biomarkers
Despite the appeal of using imaging biomarkers to investigate disease pathology there
are several inherent limitations of imaging that must be considered. There are a finite
number of physical parameters that can be measured, and the relationship between these
physical measures and human biology is not always clear. Furthermore, imaging
considers the state of the brain and not the patient as whole, so can miss non-cerebral
treatment modifiers or outcomes.” > Overreliance on imaging biomarkers without

rigorous methodology can lead to significant research bias.>

There are also practical considerations when developing imaging biomarkers in a
clinical setting. Successful translation requires not only the development of the imaging
sequence, but the ability to exploit it in a patient population. In stroke, this means
getting the patient to the hardware required for image acquisition, with the necessary
expertise available to generate and interpret the imaging data. The image acquisition has
to be of a duration that is clinically acceptable, relatively resistant to artefact, and
without the need for exogenous agents that could be either toxic (risk of anaphylaxis,
haemodynamic effects, or direct toxicity) or intolerable in the acute setting (high flow
gases, physiological or pharmacological challenges). If imaging is used to guide
treatment decisions then analysis and interpretation need to be feasible within a short
time frame. Speed of acquisition and processing is of particular importance in stroke as
the only treatment modifier for thrombolysis is time from symptom onset.”> The spatial
resolution of neuroimaging is limited to the macroscopic scale, which prohibits the
distinction of cell specific responses to ischaemia. There is also no temporal information

in a single image, so the dynamics of the disease prior to imaging cannot be known.
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3. Imaging guidelines for stroke

3.1. Clinical guidelines
Guidelines for the management of acute stroke from the National Institute for Health
and Care Excellence (NICE) in the UK and the American Stroke Association
recommend urgent brain imaging for patients with suspected stroke, but neither specify
the preferred imaging modality (CT or MRI).”* 7 In practice, the majority of acute
stroke imaging involves non-contrast computed tomography (CT) because it is quick
and without absolute contraindication, provided the patient can lie flat. CT reliably
identifies intracranial haemorrhage and is sufficient to group stroke patients into
ischaemic or haemorrhagic subtype, the only distinction that influences management
with a strong evidence base.”> Angiography is used increasingly to identify vascular

occlusions where a thrombectomy service is available.

3.2. Acute stroke imaging roadmap 11
In light of several null trials that used imaging criteria to select patients for intervention,
a consensus statement, the Acute Stroke Imaging Roadmap II, was produced to guide
imaging based stroke research over a 5 year time frame.”® This document lists six

principle recommendations:

1. The use of standard terminology;

2. A standardized imaging assessment of revascularization;

3. A standardized process to assess whether ischaemic core and penumbral
imaging meet required standards;

4. The characteristics of a clinical and imaging data repository;

5. An optimal study design for a clinical trial to evaluate the value added of

advanced imaging; and
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6. The structure of a stroke neuroimaging network to implement the above;

The Roadmap also defines general requirements of imaging in stroke trials (speed,
standardization, quality control, reproducibility and centralization), suggests a variety of
potential uses for imaging, and highlights some unresolved issues. The unresolved
issues describe the ongoing uncertainty about whether advanced imaging can add any

value to the conventional assessment of stroke patients.

The Roadmap advocates the use of the same imaging biomarkers to select patients and
demonstrate efficacy in Phase 2 studies, biomarkers it terms Treatment Relevant Acute
Imaging Targets (TRAITs). This generic term encompasses modifiable biomarkers that
can be targeted by a specific intervention to demonstrate efficacy such as vascular
occlusion, perfusion status of tissue, or infarct volume. There is no specific
recommendation regarding the optimum methodology to define ischaemic core or
penumbra using imaging, a reflection of the lack of strong evidence in this area. There
is also no recommendation with regards to whether CT or MRI might be optimal for
selecting patients, and within these modalities no suggestion of the parameters that

might be best exploited to define tissue at risk.

For validation of penumbral imaging strategies, the Roadmap advocates the use of 24
hour diffusion-weighted imaging (DWI, range 18-36 hours) as the preferred method of
measuring final infarct volume, or CT hypodensity at this time if MRI is not available.
This recommendation is justified on pragmatic grounds (minimizing drop out compared
to later time points), and by a single study correlating 24 hour trace DWI volumes and
day 90 infarct volume defined on T2-weighted FLAIR imaging.”’ Importantly, as will
be discussed in Chapter 4, this recommendation does not mention image registration

and the need for tissue level validation of novel imaging biomarkers. It does not discuss
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the use of apparent diffusion coefficient (ADC) versus trace DWI hyperintensity, or the
potential errors that imaging at 24 hours might introduce. Accurate registration and
determination of tissue fate are of particular importance in interpreting penumbral
imaging, because it is a tissue level analysis that is required. Correlation of infarct
volumes at different time points within individual patients is inherently biased to
produce a strong correlation. Distal vascular occlusions will produce smaller final
infarct volumes than proximal occlusions regardless of intervention and, therefore,
correlation of volume does not discriminate treatment efficacy. Infarct growth or
penumbral salvage at a tissue level is needed to avoid underestimation of treatment

effects.

4. CT and CT perfusion

Non-contrast CT and CT perfusion have been used with some success in several
imaging studies to select patients for treatment and assess the efficacy of
interventions.®” ®' CT offers a practical and rapid imaging modality that is widely
available in centres around the world. However, for the investigation of pathology, CT
does have limitations. Non-contrast CT measures X-ray absorption, which is a physical
parameter with little evidence regarding the biological substrate.”® CT hypodensity is
thought to qualitatively represent ischaemic core although that has been questioned in

. 62-64
some studies.

When compared to DWI, CT has a lower sensitivity for detecting
infarction and relatively poor interrater agreement. The limited ability to manipulate the

CT signal and the paucity of knowledge regarding the biological substrate constrain its

utility for investigation of tissue pathophysiology.
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5. MRI

MRI is an appealing tool for the investigation of stroke pathophysiology as it allows
multiple properties of protons in nuclei (typically hydrogen) to be manipulated and
measured. In this way, a number of tissue properties with increasingly understood

biological substrates can be probed.®>®

5.1. Principles of MRI
A MRI scanner consists of a high strength magnetic field aligned in the bore of an
electromagnet to create the homogeneous resting field, Bo. An imaging subject in the
bore causes distortions to this field, which are corrected prior to image acquisition, a
process known as shimming. There is a net alignment of protons in the brain with the By
field. To generate a signal the protons are excited by a radiofrequency (RF) pulse, By,
which causes the net alignment of protons to deflect from the longitudinal axis (M) and
towards the transverse plane (Mxyy). The deflected protons rotate around the By axis
(precession), the rate of which is determined by the magnetic field strength. The rate of

precession is called the Larmor frequency:

w =YyB,

The Larmor frequency, o, is a product of a constant, the gyromagnetic ratio, y, and B.
The Larmor frequency is also the resonance frequency for excitation of a proton and,
therefore, by applying a gradient to the magnetic field at the time of the excitation, a

single slice can be selectively excited.

Over time the deflected protons realign with the B, field, so called longitudinal
recovery, the half life of which is denoted by T1. In addition to longitudinal relaxation,
the protons precess at subtly different rates according to the differences in their local

microenvironment magnetic field. As a result of these different rates of precession, the
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protons gradually dephase, diminishing the net signal. This is called transverse decay,
and the half life of this is denoted by T2 (Figure 1.1). The magnitude of the signal at the

time of acquisition is a composite of both T1 and T2.

To acquire a signal the protons are repeatedly excited by RF pulses separated by the
repetition time, TR. During each TR and after each RF pulse the signal is acquired at a
time known as the echo time, TE (Figure 1.1). Manipulation of the TR and TE leads to
different properties of the protons influencing the signal to different degrees. This is

how T1-, T2- and proton density (PD)-weighted images are generated.

RF RF RF
Readout Readout

Figure 1. 1 — Schematic of MRI signal. RF: radiofrequency pulse; SE: spin echo inversion pulse
used in spin echo sequences; M,: longitudinal magnetization; Mx/y: transverse magnetization; TE:
echo time; TR: repetition time; T1: half life of longitudinal relaxation; T2(*) half life of transverse

decay, * indicates decay due to By inhomogeneity in addition to T2 decay seen in gradient echo

sequences.
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In addition to the differences in the microenvironment magnetic field that lead to T2
transverse decay, larger scale inhomogeneities in the By field lead to additional
dephasing. The combined effect of T2 decay and By inhomogeneity dephasing is known
as the T2* property. This is most apparent in regions of the brain where the By field is
distorted, such as near large veins or haemorrhages. This effect can be compensated for
by inverting the proton spins 180° half way between the RF pulse and the image readout
(i.e. at TE/2 seconds from the RF pulse, Figure 1.1). This is known as a spin echo

sequence as to opposed the gradient echo sequence.

To readout the MR signal, the current in the scanner coils, generated by the rotating
protons in the By field, is measured. By applying gradients across the By field during the
readout, the spin frequencies of the protons are manipulated in such a way that spatial
frequencies of the signal intensity are generated. The spatial frequency information
creates a “k-space” image that following a Fourier transform generates a conventional
MRI picture. Echo planar imaging (EPI) is a rapid method of image readout that allows
acquisition of large regions in a short space of time. This is useful for imaging patients
or where multiple volumes are required quickly (e.g. functional MRI, diffusion-
weighted imaging or cardiac MRI). However, EPI is susceptible to field inhomogeneity

artefact because phase change is erroneously ascribed to proton position.

5.2. Diffusion-weighted imaging

5.2.1. Signal generation
Diffusion-weighted imaging (DWI) exploits the ability of magnetic gradients to change
the frequency of precession of a proton, and uses this to determine how much that
proton has moved during each image acquisition cycle. DWI is a T2-weighted

sequence, but with the addition of two opposite magnetic gradients applied at the

23



beginning and end of the TE. The first gradient is applied transiently after the RF pulse.
This gradient causes the frequency of precession to change for a short time across the
gradient. When the gradient is removed the protons return to precessing at the same
frequency, but are now systematically out of phase across the direction of the gradient.
Before readout an opposite gradient is applied for an equal duration causing the protons
to rephase. However, if the protons have moved via diffusion the rephasing is imperfect
and hence the signal is reduced. The sequence is then repeated, but with the diffusion
gradient in a different plane. This allows directional information regarding proton
diffusion to be acquired. Water accounts for the majority of protons in the brain and so
by inference the signal provides information about the diffusion of water. Conventional
DWTI acquires diffusion-weighted data in three orthogonal planes and averages the
signal to give a directionless measure of water diffusion. This is known as the trace
diffusion-weighted image. If data are acquired in more than three planes then a vector
can be generated to provide additional information about any anisotropy of diffusion.

This is diffusion tensor imaging.

5.2.2. Quantification
How sensitive the DWI signal intensity is to diffusion is dependent on the amplitude
and duration of the diffusion gradients, and the time between them. The diffusion
weighting of a sequence is quantified using a b-value, with higher numbers representing
greater diffusion sensitivity. A b = 0 image is a T2-weighted image with no diffusion
weighting. In stroke, DWI typically uses two b-values of around 1000 s/mm? and 0. The
trace DWI (e.g. b = 1000 s/mm?) represents both diffusion- and T2-weighted signal
(“T2 shine through”). In order to remove the contribution of the T2-weighted signal, an

apparent diffusion coefficient (ADC) image is calculated from the trace DWI and b =0
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images. The ADC value is a measure of how easily water can diffuse with lower values

representing restricted diffusion (Figure 1.2).

Within the stroke literature the naming conventions around DWI are often applied
loosely. For the purpose of this thesis “DWI” will be used to refer to the technique in
the broadest terms. “Trace DWI” will be used to describe the b = 1000 s/mm’ image and

“ADC” the apparent diffusion coefficient image.

Figure 1. 2 - Diffusion-weighted imaging from a patient with acute ischaemic stroke indicated by
the yellow arrow. Left: trace DWL, b = 1000s/mm>. Right: apparent diffusion coefficient image.

5.2.3. Biological substrate
Restricted diffusion of water is thought to occur in cerebral ischaemia due to net
movement of water from the extracellular to the intracellular space, and increased
tortuosity of the extracellular compartment.”’ This occurs as a result of the energetic
failure of the cells, ATP depletion, and loss of ATPase function that would normally
maintain ionic gradients across the cell membrane. There is a net influx of sodium ions
into the cell and osmotic pressures draw water in from the extracellular space (cytotoxic

oedema). The gelatinous intracellular spaces contain large quantities of

25



macromolecules, and these limit the free diffusion of water, whereas the extracellular
space has fewer barriers to diffusion. The net intracellular movement of water restricts
the ability of water to diffuse freely, increasing the trace DWI intensity and reducing the

ADC values (Figure 1.2).

The natural history of trace DWI signal and ADC differ after the acute phase of
ischaemia. After the initial elevation of the trace DWI signal in acute ischaemia and the
fall in ADC values, the lesions gain T2-weighted hyperintensity, which maintains the
intensity of the trace DWI signal. However, this T2-weighted component is controlled
for in the ADC signal, so the ADC image follows the natural history of the diffusion
characteristics, i.e. pseudonormalization followed by facilitated diffusion in the days to
weeks that follow ischaemia.”' This mismatch between ADC and trace DWI is thought
to be due to concurrent vasogenic oedema, which increases extracellular diffusivity and
also increases T2-weighted signal, and cytotoxic oedema, which restricts diffusion, but
has no effect of T2-weighted signal. Thus the net effect on ADC can be little of no
change from normal whereas the trace DWI remains hyperintense from the vasogenic
oedema. Further ADC and trace DWI mismatch can occur adjacent to cerebrospinal
fluid (CSF). ADC signal can be contaminated by the partial volume effects of CSF in
voxels containing a proportion of freely diffusing fluid, which increases the mean

diffusivity of that voxel.

5.3. Perfusion MRI
CBEF is the delivery of blood to the brain. Measurement of CBF requires a contrast agent
in the blood that can be used to quantify its arrival in the brain tissue.”* In practice,
imperfect contrast agents are used, including exogenous intravenous contrast (e.g.

gadolinium, Gd) that remain in the vasculature, and arterial spin labeling, the signal of
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which decays over time. In order to quantify CBF the effect of the contrast on the MRI
signal, the concentration profile of the agent, and its compartmental distribution need to

be known.”?

5.3.1. Exogenous contrast perfusion
MRI measures of cerebral perfusion in stroke are most commonly achieved by dynamic
susceptibility contrast perfusion-weighted imaging (DSC-PWI).” Intravenous
paramagnetic contrast, typically Gd-based, is injected peripherally and the passage is
measured through the cerebral vasculature. The concentration profile of tracer is
estimated by repeatedly measuring the effect of Gd on the T2* relaxivity as the bolus
passes through the vasculature. Concentration-time curves are generated from these
images, but in order to calibrate these curves it is necessary to know the concentration
profile of the contrast as it enters the brain: the arterial input function (AIF). If the AIF
is known, then the deconvolved concentration-time curve produces the cerebral blood
volume (CBV, area under the curve), CBF (peak of curve), and mean transit time

(MTT, CBV/CBF).

DSC-PWI is not reliable for absolute quantification of CBF because the deconvolution

. . . 4-78
process is subject to multiple sources of error.”*”’

These errors include the challenges of
accurately measuring the AIF, dispersion of the contrast as it flows through the
vasculature, variations in cardiac output, the effect of the contrast on the tissue
relaxivity, assumptions about the integrity of the blood brain barrier, and venous
outflow. For this reason DSC-PWI is more commonly quantified using relative CBV or
surrogates of CBF such as time to peak (TTP), MTT or Tpax. TTP is the time from the

first detection of the arrival of contrast to the peak signal, and T, is the deconvolved

. 9
equivalent.’
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Several studies have demonstrated the correlation of thresholds of perfusion biomarkers
in predicting tissue at risk of infarction,*® but they have yet to be translated into routine
clinical practice.”® The parameters allow perfusion maps to be generated with a
reasonable contrast to noise ratio in a clinically acceptable time frame. However, for the
investigation of pathophysiology, the biological substrates for some of these parameters
are not clear and the difficulty in quantifying physiological measurements absolutely

limits the application of the DSC-PWL®'

5.3.2. Arterial spin labeling
Arterial spin labeling (ASL) is a non-contrast MRI technique, which quantifies CBF by
measuring the passage of magnetically labeled water in blood as it arrives in the
cerebral parenchyma.®® Whereas DSC-PWI requires knowledge of the AIF to
deconvolve the tracer signal, ASL uses labeled water, which freely diffuses into the
tissue compartments, making quantification more straightforward.”” Routine access to
high field strength magnets (3.0T is preferred) and improvements in suppression of
noise and signal generation have meant that ASL is increasingly used to quantify CBF
in both healthy individuals and patients. It is available as a standard option on most
MRI platforms.** Furthermore, no requirement for exogenous contrast or exposure to
radiation means that serial acquisitions are possible within individuals providing a
platform for the “repeatable non-invasive 3-dimensional imaging of regional cerebral

blood flow” called for by Astrup et al.'® "

The paradigm of ASL is in 3 parts: labeling of inflowing blood in the feeding arteries
supplying the brain; a post labeling delay (PLD) whilst the blood travels to the brain;

and image acquisition (Figure 1.3).
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Figure 1. 3 - Arterial spin labeling. 1: magnetic labeling of blood in the large arteries of the neck; 2:
post labeling delay; 3: image acquisition.

There are three options for labeling the inflowing blood: pulsed, continuous, and
pseudocontinuous ASL (PASL, CASL and PCASL). PASL involves the labeling of a
thick slab over the neck in a short period of time. In contrast, CASL and PCASL label a
single slice in the neck over a longer period of time, with PCASL providing a superior
labeling efficiency. PASL has a lower signal-to-noise ratio than the other techniques.

Therefore, PCASL is the preferred imaging technique for clinical use.*”

A particular challenge when using ASL is selecting the optimum PLD. The PLD needs
to be sufficiently long to ensure that the bolus of labeled blood has completely arrived
in the brain by the time of image acquisition. However, if the PLD is too long then
signal will be lost due to magnetization decay. In health, blood arrival times are rarely

delayed, meaning there is little conflict between these two considerations. This is in
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contrast to patients with cerebrovascular disease, where arrival times can be delayed,
resulting in CBF underestimation. To overcome this problem, a multiple PLD approach
can be used, in which signal is measured after a series of different PLDs. A model is
fitted which incorporates both delays in the bolus arrival and signal decay into the
quantification of CBF, extending the range of arrival delays that can be accurately
measured.®®* However, even using multiple PLDs, there is a theoretical bolus arrival
time limit of approximately 3.5s, beyond which ASL cannot measure perfusion.** It is
not clear from the literature what the bolus arrival times are in stroke patients. There are
known to be delays in MTT, TTP and Tpax measured using DSC-PWI commonly in the
order of 4-6s, although it must be noted that these parameters do not reflect bolus arrival

time.””

CBF is measured by subtracting an image where there is no arterial labeling from one
where blood has been tagged and the difference is the signal from the inflowing blood.
Approximately 2% of the grey matter water is replaced by inflowing blood-borne water
every second. Including the signal losses from magnetic decay this results in a signal of
less than 1% of the background.® Background suppression is used to maximize the

signal contrast.** *°

In white matter, low signal to noise ratio, delays to arrival and partial volume
contamination limit the ability of ASL to measure CBF.*® In healthy volunteers
advances in imaging hardware, improved imaging sequences and analysis techniques
have made white matter CBF quantification possible,”’ but this has yet to be

demonstrated in patients, in whom the signal to noise ratios are poorer.
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5.4. Metabolic MRI
MRI advances in metabolic imaging have been more limited than in perfusion imaging.
PET has traditionally been the metabolic imaging technique of choice for stroke studies,
but there are few MRI based alternatives. Blood oxygen level dependent (BOLD)
techniques, with or without use of stimulus gases, generate signal utilizing the T2*
effect of deoxygenated haemoglobin, and from this the oxygen extraction fraction can
be inferred.***® BOLD techniques rely heavily on the perfusion of blood and can be
impractical, often requiring gaseous stimuli such as carbogen for meaningful
calibration.”’ Magnetic resonance spectroscopy provides detailed information about
molecular profiles in individual voxels, but it does not give sufficient spatial resolution

to be used in a clinically meaningful way.”***

5.4.1. Chemical exchange saturation transfer
Chemical exchange saturation transfer (CEST) includes of a range of MRI techniques
that measure the exchange of protons between endogenous or exogenous contrast
molecules, and water.”> The low concentration of the protons in the contrast precludes
their direct measurement. However, the resonance frequency of these protons is offset
from that of water, meaning they can be selectively saturated. As saturation occurs over
a period of time, the saturated protons exchange into the water pool and the

accumulated attenuation of the water pool signal can be measured (Figure 1.4).
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Figure 1. 4 — Chemical exchange saturation transfer under slow (A) and fast (B) exchange rate
conditions. The protons in the contrast are selectively saturated (1) over a prolonged period
allowing exchange into the water pool (2). This attenuates the measured water signal (3), which
occurs to a greater extent in the fast exchange conditions (4) allowing the exchange rate to be
estimated.

To measure the CEST effect at a given frequency, signal is repeatedly measured using a
range of saturating frequencies offset from water, relative to an unsaturated signal
(Ssat/So). This produces the Z-spectrum, from which the CEST effect can be quantified
at the frequency offset of interest (Figure 1.5). The magnitude of the CEST effect can be
estimated using asymmetry measures or model based approaches.”®” The latter have
the advantage of not assuming symmetry of the non-CEST signal about the water

. . 95-
frequency, an assumption that is rarely correct.”>”’
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Figure 1. 5 - The Z-spectrum is acquired by measuring the water signal following a range of
saturation pulses at various frequencies offset from water, S,,, relative to the unsaturated signal,
So. The magnitude of the diminution of the water signal at the frequency of interest, X, is used to

quantify the proton transfer rate. If the proton transfer rate increases the magnitude of the CEST
effect increases (intermittent red line).

5.4.2. Amide proton transfer
The CEST effect at 3.5 parts per million (ppm) offset from water represents the
exchange of protons between the amide groups of proteins and peptides, and water,
known as the amide proton transfer, APT.®” The magnitude of the APT effect is
dependent on the concentration of available amide groups and the exchange rate of
protons. The exchange rate is base catalyzed and hence pH-dependent. Therefore, for a
given concentration of amide, the APT represents a pH-weighted signal. In preclinical
models the amide concentration has been shown to constant for the first few hours
following the onset of ischaemia although it is not known what changes to the available

. . . 6
amide concentration occur after this time.®’
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6. Thesis aim

The aim of this thesis is to investigate the pathophysiology of acute ischaemic stroke
using serial MRI measurements. Specifically, these include diffusion-weighted imaging,
quantified using ADC, absolute CBF, quantified using vessel-encoded
pseudocontinuous ASL (VEPCASL), and pH-weighted imaging, quantified using APT

CEST.
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Chapter 2: Systematic Review of Imaging Biomarkers in Acute Stroke
Trials

1. Introduction

Treatment options for patients with acute ischaemic stroke are limited. Despite attempts
to develop novel neuroprotectants and strategies for reperfusion, few have made it into
routine practice. This failure of progress is multifactorial in origin, but includes failure
to properly account for patient heterogeneity and a lack of proven surrogate outcomes.™
Imaging has been widely embraced, both in clinical practice and research studies. It is
an appealing tool for the investigation of patients with acute stroke because it can
provide insight into the pathophysiology underlying the disease. Identification of
pathology within patients provides a means to reduce heterogeneity of participants in a
trial, to stratify patients into those that may or may not benefit from treatments, and to

. : 58, 100
assess intervention efficacy and/ or safety.™

As outlined in Chapter 1, the Acute Stroke Imaging Research Roadmap II was
developed on the background of recent null acute stroke trials incorporating selection
using penumbral imaging.”® Tt reinforced the need for rigorous definition of regions of
interest, and defined a framework for using imaging biomarkers in studies (with the
specific example of revascularization). However, this consensus statement made few
recommendations regarding the details of the specific imaging biomarkers used, which

reflects a lack of consensus amongst the stroke imaging community.

1.1. Aims
In this Chapter, randomized controlled trials (RCTs) were systematically reviewed in
patients with acute ischaemic stroke, using the groupings developed in the Acute Stroke

Imaging Research Roadmap II, and with the following aims:
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To describe the purposes for which imaging is used in RCTs;

To determine the imaging modalities that are used for each purpose, in particular

for defining infarction and tissue at risk of infarction; and

To determine which strategies, if any, have been used with success.
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2. Methods

2.1. Eligibility Criteria
Studies analyzing data from randomized controlled trials (RCTs) of acute ischaemic
stroke therapies (e.g. intravenous thrombolysis, glycemic control, hypothermia) were
included. Enrollment was required within 48 hours of symptom onset and imaging
biomarkers had to be used to select patients, measure outcome, or define subgroups
(preplanned or post hoc). Any form of imaging including CT, MRI, single photon
emission CT (SPECT), or transcranial Doppler (TCD) was allowed. Studies that used
imaging solely to exclude patients with intracranial haemorrhage at trial enrollment
were not included in the analysis. Other exclusion criteria were: studies of haemorrhagic
stroke or transient ischaemic attack; cluster trials; studies in children; those not
comparing treatment and control groups; and those using historic controls. Where two
or more papers described the same populations both studies were included provided

different imaging biomarkers were used in each.

2.2. Search strategy
MEDLINE and EMBASE (1995 to March 2014) were searched using a combination of
terms, their derivatives and related terms: RCTs, acute stroke, and imaging (for example
search terms see Appendix A). Searches were limited to English language papers in
adult human subjects. Additional searches were made of strokecenter.org and the
Virtual International Stroke Trials Archive. Two of the three reviewers screened each
title and abstracts independently (GH plus one of two fellows). The same reviewers
independently reviewed the full texts of all potentially relevant studies and those

included were agreed by consensus (Figure 2.1).
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Initial search: EMBASE and MEDLINE:
10212

Search of VISTA,
strokecenter.org and
references

\ 4

Duplicates: 1180

Titles and abstracts: 9032

A 4

Rejected on basis of title
or abstract: 8663

\ 4

Full papers screened: 370

Rejected on basis of full

A 4

Included papers: 84

paper: 286

Reasons for exclusion:
Cluster trial: 4
Meta-analysis: 9
No imaging criteria: 7
No randomised control:

\ 4
Imaging selection Imaging subgroup Imaging outcomes:
criteria: 49 criteria: 31 49

141
No ischemic stroke

Figure 2. 1 — Schema of systematic review

2.3. Data extraction

Data extracted included year, number of patients enrolled, details

intervention /
haemorrhage study: 49
Not within 48 hours: 45
Other: 31

of the imaging

biomarker, and the result of the trial. The imaging biomarkers were classified into the

groups identified in the Acute Stroke Imaging Research Roadmap II with particular

attention to TRAITs.”® The purpose for which each biomarker was used (trial eligibility,

outcome measure, or subgroup analyses (preplanned or post hoc)) was recorded.
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3. Results

3.1. Search Results
The electronic search yielded 10,212 titles of which 1180 were duplicates. Screening of
the remaining studies and additional manual searching produced 370 to be appraised.
286 were excluded following review of the paper, leaving 84 to be included in the final
analysis (Figure 2.1, Appendix B). Eight groups of imaging biomarkers were identified:
infarct volume; oedema; diagnosis/ territory of infarction; vessel status; ischaemic
penumbra; perfusion status; collaterals; and, composite/ other (Table 2.1).58 49 studies
used imaging for trial eligibility, 49 studies used one or more imaging outcome (e.g.
infarct volume or recanalization rate etc.), and 31 studies used imaging criteria to define
one or more subgroup (e.g. stratification by infarct volume). 85 different imaging-
defined subgroups were identified in these 31 studies, 17 of which were preplanned and

the remaining 68 subgroups defined post hoc.

Trial eligibility Outcome measure Subgroup analysis
Infarct volume 29 62 34
Oedema 5 NA 0
Diagnosis / territor

gof infa/rction ! 9 NA >

Vessel status 16 17 23

Ischaemic penumbra 10 7 22
Perfusion status only 2 27
Collaterals 0 0
Composite / other 0 4

3.2. Imaging Biomarkers

Table 2. 1 — Use of imaging in stroke trials

Infarct volume was extensively used as an exclusion criterion from trial recruitment and

subgroup eligibility assessment (Table 2.1). The most consistent definition used was an
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infarct volume on non-contrast CT scan of greater than one third of the MCA territory
(16/29 studies) (Appendix C). Other definitions used ranged from any evidence of
ischaemia on non-contrast CT to greater than two thirds of the MCA territory
demonstrating restricted diffusion on DWI. One trial of hemicraniectomy for malignant
MCA syndrome excluded patients with an infarct volume less than a predefined level

(145ml on DWT).'"!

Imaging of infarction was used in a variety of other ways to establish trial eligibility:
DWI to confirm diagnosis prior to enrolment; the presence of oedema on CT to exclude
patients; and, location of infarction within a specific vascular territory for either

inclusion or exclusion (Appendix C).

Vessel occlusion identified using angiography (computed tomography angiography,
CTA, magnetic resonance angiography, MRA, or digital subtraction angiography,
DSA), and TCD was commonly identified prior to enrollment in a trial. Of the 16 trials
that selected according to vessel occlusion status, 12 used imaging to identify a target
for the intervention and the remaining 4 excluded patients with carotid occlusions on the

basis of futility of intervention (Appendix C).

Perfusion deficit alone was used in only 2 studies to select patients for inclusion (Table
2.1), whereas 13 studies used reperfusion as an outcome criterion in 27 different
efficacy analyses. There was considerable heterogeneity in the timing of timing of
assessment of reperfusion (4 hours to 3 months), which was made using a variety of
modalities (magnetic resonance perfusion, MRP, computed tomography perfusion,

CTP, SPECT) (Appendix D).
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. No. of - . Pre-
Author Intervention L. Criterion Inclusion or subgroup
participants planned
20% PWI/DWI mismatch and PWI lesion .
Hacke (2005) Desmoteplase 104 >2ml involving grey matter (MTT/TTP) Inclusion Y
Singhal (2005) Normobaric oxygen 16 20% PWI/DWI mismatch (MTT) Inclusion Y
Hypoth ia (HC DWI and PWI >2/3 hemisph
Els (2006) ypothermia ( 25 owian /3 hemisphere, no Inclusion v
patients) mismatch, (PWI modality not specified)
20% PWI/DWI mismatch and PWI lesion
Furlan (2006) Desmoteplase 37 >2cm diameter and involving cortex Inclusion Y
(MTT)
. 20% PWI/DWI mismatch and PWI
D 2008 Altepl 80 Sub Y
avis ( ) eplase lesion-DWI lesion >10ml (Tmax+2s) ubgroup
Hacke (2009) Desmoteplase 193 20% PWI/"core" mismatch (CT or MRI) Inclusion Y
44 20% PWI/DWI mismatch (Tmax+2s) Subgroup N
Kidwell (2009) Magnesium 20% PWI/DWI mismatch (Tmax+2s) and
40 Subgroup N
DWI >3ml
85 20% PWI/DWI mismatch (Tmax+2s) Subgroup N
PWI lesion <190ml, DWI lesion <25ml
37 (Tmax+2s) Subgroup N
30 PWI lesion 20-190ml, DWI lesion <25ml Subgroup N
(Tmax+2s)
PWI lesion <190ml, DWI lesion <18ml
31 (Tmax+2s) Subgroup N
)4 PWI lesion 20-190ml, DWI lesion <18ml Subgroup N
(Tmax+2s)
S -
65 20% PWI/DWI m!smatch (Tmax+2s), ICA Subgroup N
occlusion excluded
PWI lesion >20ml, DWI lesion <25ml
P 2010 Altepl 40 ! Sub N
arsons ( ) eplase (Tmax+2s), ICA occlusion excluded ubgroup
PWI lesion >20ml, DWI lesion <18ml
32 (Tmax+25) Subgroup N
62 20% PWI/DWI mismatch (Tmax+8s) Subgroup N
PWI lesion <150ml, DWI lesion <25ml
52 ! Sub N
(Tmax+8s) ubgroup
0 PWI lesion 10-150ml, DWI lesion <25ml Subgroup N
(Tmax+8s)
PWI lesion <150ml, DWI lesion <18ml
43 ! Sub N
(Tmax+8s) ubgroup
PWI lesion 10-150ml, DWI lesion <18ml
33 (Tmax+8s) Subgroup N
Schabitz (2010) Grz'mulocyte—colony a4 PWI/DWI m|smatc.h., any size (PWI Inclusion v
stimulating factor unspecified)
Bi (2011) Hypothermia 93 20% PWI/DWI mismatch (TTP/MTT) Inclusion Y
Michel (2012) Alteplase 6 Favorable CTP profile Inclusion Y
20% PWI/DWI mismatch and PWI
Nagakane (2011) Alteplase 80 lesion-DWI lesion >10ml (Tmax+2s, co- Subgroup N
registered)
S - -
Nagakane (2012) Alteplase 62 20% predlcted.mfarct volume/DWI Subgroup N
mismatch
20% PWI/CT mismatch and >20ml .
Parsons (2012) Tenecteplase 75 mismatch volume (CT MTT) Inclusion Y
Warach (2012) Desmoteplase 66 PWI/"core mlsl\n;:;c)ch >60ml (CT or Subgroup N
"Core"/PWI <70 d" "less th
Kidwell (2013) Embolectomy 68 ore"/ % and "core” less than Subgroup Y

90ml (CT or MRI)

Table 2. 2 - Studies using imaging to define ischaemic penumbra as an inclusion criterion for a trial
or subgroup. PWI: perfusion weighted imaging; DWI diffusion weighted imaging; MTT: mean
transit time; TTP: time-to-peak; T,,,: time to maximum
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Identification of the ischaemic penumbra, as either a means of patient selection or
outcome assessment was common (Table 2.1). Table 2.2 demonstrates the variety of
ways in which penumbra has been defined. All but one study defined penumbra using
MRP measures, such as mean transit time or Tmax, to identify hypoperfused tissue that
extended beyond the DWI lesion, and most used a threshold of 20% penumbra-core
volume mismatch to select patients. No RCT using MRP has resulted in a positive
outcome. However, the 20% penumbra-core threshold was used with success in an
evaluation of tenecteplase using CTP (Table 2.2).® In addition to trials of reperfusion

therapies, several neuroprotective trials also used penumbral imaging for inclusion.

3.3. Subgroup analyses
The comparison of the results of studies with preplanned imaging-defined subgroups or
imaging-based outcomes compared with post hoc analyses can be seen in Table 2.3.
There are significantly more positive results in studies using post hoc analyses. For
instance, no preplanned subgroup analysis of mismatch eligibility criteria has
demonstrated a positive effect of what otherwise had been a null trial by primary
analysis, whereas, two post hoc defined subgroup analyses have demonstrated a positive
effect (Table 2.2): those patients with very large perfusion deficits and small DWI
lesions;'"” and, patients with a 20% mismatch profile only once images were properly
co-registered.'”” More generally, the definitions used for subgroup selection were less
consistent than those used for trial eligibility criteria (Appendix E). Using the example
of quantification of cerebral infarction, subgroup definitions ranged from strata of
absolute volumes to scoring systems such as the Alberta Stroke Programme Early CT

104
Score€.
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Preplanned Post hoc P-value
Subgroup studies 3/17 28/68
Inclusion/exclusion RCTs 10/49
Total 13/66 28/68 0.009*
Outcome 13/84 19/42 0.0005*

Table 2. 3 - Proportion of analyses showing a positive outcome using imaging biomarkers for
inclusion/exclusion or outcome assessment. *Fisher exact test

4. Discussion

This review reinforces the frameworks outlined in the Acute Stroke Imaging Research
Roadmap I1.>® It identifies groupings of imaging biomarkers that have been used across
RCTs reflecting the individual needs of those trials. However, there is marked
heterogeneity in the definition of these imaging biomarkers between trials with a large
number of post hoc subgroup analyses exploring further imaging biomarker definitions.
No strategy to select patient using imaging biomarkers has been used consistently with

success in stroke RCTs.

4.1. Purpose of imaging biomarkers in RCTs
In general terms, the use of imaging biomarkers is intended to produce a more
homogenous population within a trial with the hope of limiting patient selection to those
for whom the intervention is most likely to be of benefit. This should allow smaller
trials to be conducted over shorter periods of time. Eight groupings of imaging
biomarkers used in acute stroke trials were identified: infarct volume; oedema;
diagnosis/ territory of infarction; vessel status; ischaemic penumbra; perfusion status;
collaterals; and, composite/ other. All were used to assess trial eligibility, outcome

assessment or for subgroup analysis.
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4.2. Defining infarction
Tissue infarction was commonly defined at presentation using either hypodensity on CT
or by restricted diffusion on DWI, inferred from hyperintensity on a trace DWI. Despite
the potential for objective automated definition of infarcted tissue,'” ADC values have
not been used routinely for this purpose. When imaging biomarkers were used
prospectively to enroll patients, visual inspection at a workstation was the norm, despite

the low interrater reliability described when using this approach.'®

One-third MCA territory as a threshold on non-contrast CT was the most consistent
imaging biomarker used for trial eligibility. This criterion was adopted by the ECASS
group of studies following the findings of a single-centre observational cohort study that
suggested extensive ischaemic change on CT predicts an increased chance of a fatal
clinical outcome.'”” However, retrospective analysis of the randomized data from the
NINDS trial showed that while 14% of patients randomized had greater than 1/3 MCA
territory affected by early ischaemic change, the presence of this change on the pre-
treatment scan was not a treatment modifier, nor did it predict increased risk of harm

from intervention when patients are treated within 3 hours of onset.'*®

There was less consistency of imaging biomarkers when infarct volume has been used
to assess outcome. Timing of measurements, modality used and measurement technique
were all highly variable between trials. Infarction has been defined by CT, DWI, or T2-
weighted MRI, over a range of times from 4 hours to 90 days. Measurement of efficacy
has generally been by measurement of total infarct volume or change in volume over
time. Coregistration to define tissue level change has been infrequent and details of

registration techniques have not been not provided.'” Interestingly, when coregistration
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has been used post hoc it has transformed null trials into positive analyses of

103,110
efficacy. ™

4.3. Defining tissue at risk
Tissue at risk was defined by the difference between a presenting perfusion deficit and
either a DWI lesion or CT hypodensity. 20% has commonly been used as the visually
determined mismatch threshold for enrolment, (this threshold is not justified by the
studies in this review and appears arbitrarily determined), and within this a variety of
parameters have been used to define the perfusion deficit. For example, within studies
that used DSC-MRI perfusion, T, MTT and TTP have all been used. Even within

single studies, different definitions of the perfusion deficit have been used.

Importantly, no study used electrophysiological or metabolic biomarkers to define
penumbral tissue. As discussed in Chapter 1, it was a combination of electrophysiology,
metabolism, and cerebral blood flow that were originally used to define the ischaemic

18, 22, 26-28
penumbra. "~

This omission reflects the difficulty in measuring electrophysiology
and metabolism in acute stroke patients and so perfusion measures alone have been used
as surrogates. However, this may explain the failure of imaging biomarkers to

consistently select patients for intervention and highlights the need for improved

biomarkers that measure metabolic or electrophysiological properties.

4.4. Inconsistency of measurement
The impact of the inconsistent measurement of imaging biomarkers is important and
this exemplified by when using infarct volume as an outcome assessment. Oedema and
atrophy impact on infarct volume at different times, so assessment of infarction will be

111

dependent on the timing of imaging following onset. = Within the same patients, the

blinded adjudication of FLAIR and T2 images by neuroradiologists results in different
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infarct volume estimates and discrepant interrater agreements.''> The reliability and
repeatability of a biomarker in defining a pathological process will be affected by the
contrast-to-noise ratio afforded by the imaging modality.'”®> For example, DWI has a
greater contrast-to-noise ratio than T2-weighted MRI, CT, and CTP, allowing clearer

113, 114 .
’ thus reducing measurement error and

definition of the extent of a lesion,
improving interrater agreement.”” Even where there is excellent interrater agreement
between neuroradiologists, substantial measurement errors can still exist that affect
sample size calculations for a RCT, particularly where the infarct volumes are small or
moderate.'"” Automated approaches to volume measurement offer the prospect of
limiting human measurement error, but introduce challenges of their own in the

accommodation of thresholds that vary between individuals and which are also

influenced by timing from stroke onset.'"

4.5. Relationships with patient outcomes
The relationship between patients, imaging biomarkers, treatments, and eventual
clinical outcomes is complex. Failure to accurately understand these relationships and,
thus, selecting an inappropriate biomarker has contributed to the criticisms of recent
RCTs. Defining a treatment responsive group using an imaging biomarker is a different
task to selecting those who are destined to do well independent of treatment, as was
seen in MR-RESCUE."'* """ The only positive RCT of intravenous thrombolysis used
within three hours of stroke onset is not included in this review because patients were
not excluded by infarct volume criterion,''® and as described above post hoc analysis
demonstrated that infarct volume was not a treatment modifier within three hours.'®®
The existence of an optimum threshold of infarct volume used to exclude patients from

. . 102, 119
trial enrolment remains unclear.
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Several prospective observational studies have explored various thresholds of the
ischaemic core volume to select patients for endovascular therapy (e.g. DEFUSE-2 used

a threshold of greater than 70ml on DWI to exclude patients).''”'**

These data suggest
that patients selected using lower infarct volume thresholds than used previously have a

greater capacity to benefit from endovascular treatment. However, this approach from

observational studies now needs to be translated into RCTs.

Expected treatment effects on a biomarker used as an imaging outcome and its
relationship with clinical outcomes also need to be understood when designing a RCT.
For example, the recanalization rate with intravenous tPA in the IMS-3 trial was twice
what was predicted and the highly significant increase in revascularization was not

. . . . .. 123
associated with improvement in clinical outcomes.

4.6. Stratification and subgroups
The Acute Stroke Imaging Research Roadmap II outlines a framework for use within a
RCT advocating the use of a consistent TRAIT within all arms. This would allow
secondary analyses to address the additional value of imaging while the primary focus
remains on the therapeutic intervention. This is an area that deserves further
methodological consideration. This Chapter highlights the large number subgroup
analyses, typically post hoc, performed utilizing data from the RCTs. An excess of
positive post hoc subgroup analyses was found, suggesting that any apparently useful
subgroups should be viewed with caution given the risk of publication bias.” ** This
may give a false sense of promise from apparently successful post hoc attempts to
stratify patients, meaning that these positive results should only be used for hypothesis
generation. Validation in separate patient research cohorts is required before widespread

clinical adoption.'**
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4.7. Meta-analysis and sample size
Successful meta-analyses of pooled data from RCTs of intravenous thrombolysis and
hemicraniectomy have contributed to their wide adoption into national stroke clinical
guidelines and practice."'® """ The inconsistent use of imaging biomarkers highlighted
in this review, markedly hampers such meta-analyses. For instance, it would be
inappropriate to combine cohorts in whom mismatch was defined using different
modalities and thresholds. It is equally challenging to interpret results from individual
studies where different imaging modalities are used to define enrollment criteria, for
instance MR-RESCUE used either MRI or CT to assess the favorability of penumbral

pattern. He

The advantage of this approach is to maximize the number of sites that may
take part in a RCT hopefully reducing study duration and broadening the
generalizability of the results. However, unless the equivalence of the biomarkers is
robustly established then the reliability of data interpretation is potentially
compromised. The Acute Stroke Imaging Research Roadmap II begins to address these
difficulties with the example of the clarification of revascularization status and

. 58,125
associated concepts.”

4.8. Biomarker development
There remains an unmet need for a robust pathway for stroke imaging biomarker
development from pre-clinical studies through translational and observational studies
ready for utilization in RCTs and clinical settings. This pathway needs to accommodate
the fact that the imaging that drives scientific discovery may or may not be available for
clinical use in acute stroke. For example, diffusion MRI is a widely used and validated
method for identifying core infarct in animal model studies, and has been used in
several RCTs. On the other hand perfusion CT has almost no preclinical validation, but

is commonly employed in RCTs. The relationship between how and if different imaging
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modalities measure the same pathophysiology must be established. Existing initiatives
developed from expert consensus may expedite this process and ensure a more

: . 50, 126
homogenous use of biomarkers in RCTs.™

S. Conclusions

In this Chapter the practice of using of imaging biomarkers in RCTs has been explored.
There is a heterogeneity, and by implication a lack of consensus, in the definition of
presenting and final infarction, and tissue at risk. In addition, no study uses biomarkers
other than perfusion to define penumbral tissue, in contrast to the electrophysiological
and metabolic biomarkers that were originally used to define penumbra. Using imaging
to select patients for treatment has not translated into clinical practice and the only
treatment modifier for reperfusion therapies identified to date is time from onset to
intervention.* > ''® Assessing efficacy using imaging is done in a variety of ways with
little attention to methodological consideration such as coregistration and automation of
definition. Imaging biomarkers offer the opportunity to refine the trial cohort by
minimizing participant variation, to decrease sample size and to personalize treatment
approaches for those who stand to benefit most. However, within imaging modalities
there has been little consistency between stroke trials. Greater efforts to use consistent
imaging biomarkers, which are biologically understood and prospectively validated,
should help improve the development of novel treatment strategies in acute stroke and

improve comparison between studies.
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Chapter 3: General Methods

1. Overview

The Acute Magnetic Resonance Imaging in Cerebral Ischaemia (AMICI) feasibility
study was a year long observational cohort study designed to test the feasibility of
recruiting patients with acute ischaemic stroke into a MRI-based imaging study at the
John Radcliffe Hospital site. The results of the feasibility study informed the design of
the AMICI cohort study. Both studies acquired imaging serially over the first month
from stroke onset. The data in this thesis is from both the feasibility study and the first
year of the cohort study. The imaging time points were the same for both studies, but in
the cohort study patients could be recruited beyond 6 hours up to 24 hours. Imaging was

“front-loaded” to capture the early dynamics of cerebral injury.

1.1. Ethical approval
Ethical approval for the AMICI feasibility and cohort studies was given by the National
Research Ethics Service Committee South Central (Oxford C) under references

12/SC/0292 and 13/SC/0362.

2. Study participants

Participants were recruited from patients admitted to the John Radcliffe Hospital with
ischaemic stroke between August 2012 and May 2014. Recruitment was considered for
all patients who met the study criteria and who could be scanned in the operating hours

of the Oxford Acute Vascular Imaging Centre (Monday to Friday, 8am until S5pm).

Inclusion criteria were as follows:

* Clinical diagnosis of stroke within 6 hours (feasibility study) or 24 hours (cohort

study) of symptom onset;
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* Patient or representative able to give a clear medical history and participate in
the consent process;

* Ageover 18.

Patients with contraindication to MRI, or severely impaired conscious level (score
greater than 1 on question la of the National Institute for Health Stroke Scale (NIHSS))
were excluded. Patients with intracranial haemorrhage on CT or MRI at presentation

were recruited into the AMICI cohort study, but the data are not included in this thesis.

3. Study procedures

A flow diagram of the study procedures is detailed in Figure 3.1. Patients were
identified and screened either in the Emergency Department or on the Stroke Unit once
the clinical team had assessed whether the patient or their family was agreeable to being
approached by a member of the research team. Clinically indicated imaging and
treatments were initiated prior to research scanning. Non-contrast CT was the standard
imaging modality used by the clinical stroke service. Neither CT angiography nor MRI
scanning was routinely available to the clinical team. Within 6 hours of symptom onset
the patients were admitted to the Recovery Area in AVIC directly from the Emergency
Department. Having completed pre-MRI safety checks the patient underwent the first
research MRI as soon as possible. The second MRI scan was performed after 2 hours if
time was available. Once, the second MRI was complete the patient was transferred to

the Acute Stroke Unit to continue routine clinical care.
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Figure 3. 1 — Patient flow as part of the AMICI study. Note that for the AMICI feasibility study
patients were only recruited within 6 hours of symptom onset.

Patients presenting within 24 hours underwent a similar pathway to those presenting

within 6 hours, but assessments did not include a 2 hour scan. If the presenting MRI
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was later than 18 hours from symptom onset this was categorized as the 24 hour scan.
The recruitment window was extended from 6 to 24 hours following the feasibility
study because it became clear that even at 24 hours useful observations of blood flow
and pH-weighted imaging were being made. This also increased the number of patients

eligible for recruitment.

Further MRI scanning was performed at 24 hours (18-36 hours), at 1 week (3-7 days)
and at 1 month (21-42 days). Transport arrangements were made from home or
community hospitals to acquire follow up imaging whenever the patient or consultee

agreed to this.

Demographic data were collected at presentation. Clinical assessments were made at
each scan time point. These included blood pressure, oxygen saturations and NIHSS.
Patients were followed up by telephone assessment at 3 months. This consisted of a
short conversation to establish the modified Rankin scale (mRS)."?” For the purpose of
this thesis analyses have been limited to tissue based data from imaging. This is
justified by the number of patients and the effect that single outliers can have on small
subgroups defined by clinical criteria. For correlations of imaging biomarkers with

clinical outcomes larger cohorts are required.

3.1. Consent
The use of a consent waiver in this study was not possible due to the need for a reliable
medical history to screen for MRI safety. For this reason a verbal consent process was
developed, which minimized the time to research MRI. A contemporaneous, witnessed,
written record was kept and written consent was gained when time allowed. For those
without capacity, a Personal Consultee was contacted to advise about recruiting the

patient and to ensure that no contraindication to MRI existed. This bespoke approach to
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informed consent was piloted in the AMICI FS to optimize time to imaging and was

used without significant modification in the AMICI cohort study.'*®

4. Imaging

4.1. Patient imaging time points

Imaging time points were defined as follows:

* Presenting imaging: the first MRI performed within 18 hours of symptom onset.

* Acute imaging: a subgroup of the presenting MRIs performed within 6 hours of
symptom onset. If thrombolysis was indicated the initial MRI occurred during
the infusion of tPA.

* 2 hour imaging: a second MRI performed 1-3 hours following acute imaging.

* 24 hour imaging: MRI performed between 18 and 36 hours from stroke onset.*

* 1 week imaging: MRI performed between 3 and 7 days after stroke onset.*

* 1 month imaging: MRI performed between 21 and 42 days after stroke onset.*

*where imaging could not be acquired between these time points later or earlier times

were used to maximize data capture.

4.2. Imaging protocols
All scans were acquired using the 3.0T Siemens Verio scanner in the Acute Vascular
Imaging Centre, University of Oxford, using a 32-channel head coil. Total duration of
scanning at each time point was 25 (feasibility study) or 30 minutes (cohort study).
Depending on the volume and location of the presenting lesion visualized on DWI, one
of two imaging protocols for ischaemic stroke was selected: lacunar (<15mm in axial

diameter and subcortical) or large volume.
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For both protocols standard imaging was acquired at every time point:

e DWI (3 directions, 1.8%x1.8x2.0mm, FoV=240mm, 4 averages, b=0 and
1000s/mm® TR=9000ms, TE=98ms);

* Tl-weighted structural imaging (MPRAGE, 1.8x1.8%x1.0mm, FoV=228mm,
TR=2040ms, TE=4.55ms);

* Gradient and magnitude fieldmaps (3.0%3.0x5.0mm, FoV = 240mm, TR =
488ms, TE = 5.19ms and 7.65ms);

* T2-weighted turbo spin echo fluid attenuated inversion recovery sequence
(FLAIR) (1.9%1.9%x2.0mm, FoV=240mm, TR=9000ms, TE=96ms) at 1 week
and 1 month time points; and

* Short, low resolution planning sequences including localizing scans to plan the
main imaging sequences and time of flight imaging of the feeding arteries in the

neck used to plan the perfusion sequence.

In addition, patients imaged using the large volume protocol had VEPCASL perfusion
images acquired, and a single slice CEST sequence localized to the DWI lesion.
Specific details of the VEPCASL and CEST preparation and acquisition protocols are
detailed in Chapters 5 and 6 respectively. Vascular imaging was not routinely collected
as part of the research protocol because of the time required to perform the other
imaging sequences. In addition, the need to give contrast would have excluded some

patients and limited the sample size.

The lacunar imaging protocol, in addition to the core sequences above, acquired a 12-
direction diffusion tensor image and either a high resolution ASL perfusion sequence or
blood oxygen level dependent (BOLD) imaging for functional MRI assessment. These

lacunar-specific sequences will not be discussed further.
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4.3. Image processing
All image analysis was performed using FSL (Oxford Centre for Functional MRI of the
Brain Software Library), in-house UNIX shell scripts, and MATLAB 7.14 software
(The Mathworks Inc.)."** "' Details of the specific image processing and analysis are

outlined in the relevant Chapters.

All analysis, other than postprocessing of the conventional imaging modalities, was
performed off line and did not influence patient management. Standard imaging
sequences (T1- and T2-weighted imaging, and DWI) were made available to the clinical

team and were reported by a consultant neuroradiologist.

4.4. Regions of interest

4.4.1. Patients
Binary infarct definitions and perfusion deficits were created in the native image space.
Masks were registered to the required image space for analysis before thresholding at
0.5 to minimize registration-induced error (see Chapter 4 for details of registration
techniques used). The following regions of interest (ROIs) for patients were used in

every Chapter.

*  ADC lesion: within the automatically generated region of restricted diffusion
defined on the presenting scan, using an ADC threshold of 620 x10°mm?/s;'®’

* Ischaemic core: within the presenting ADC lesion and also within the final
infarct;

* Infarct growth: within the final infarct and not within the presenting ADC

lesion; early infarct growth: infarct growth up to 24 hours; late infarct growth:

infarct growth beyond 24 hours;
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Additional ROIs specific to each Chapter are outlined in the respective Methods
sections. Contralateral ROIs were created by non-linear registration of the masks to
standard MNI152 space,"” reflection in the sagittal plane, and returning to structural

image space.

4.4.2. Healthy volunteers
ROIs for use in the healthy volunteers were generated from the Harvard-Oxford
Atlas." Six regions were selected on the basis of their distribution throughout the brain
(precentral gyrus, postcentral gyrus, insular cortex, middle temporal gyrus, lateral
occipital cortex, paracingulate gyrus). The ROIs were non-linearly coregistered to the
structural image at each scan time using a rigid body and then non-linear registration
technique.””" ** ** before the required coregistration described in each Chapter. The

masks were thresholded at 0.5 and binarized for data extraction.

5. Recruitment results

5.1. Summary details
54 patients were recruited between August 2012 and May 2014, of which 50 had an
ischaemic stroke. One patient was excluded from all analyses because the presenting
scan was aborted within minutes of starting. Of the remaining 49, 32 underwent the
large volume protocol and 17 received the lacunar imaging protocol. Summary
demographic are presented in Table 3.1 and are comparable to other imaging-based

110, 116, 119

acute stroke studies. Data for individual patients is presented in Table 3.2.

5.2. Recruitment rate
Approximately 700 patients with stroke are admitted to the John Radcliffe hospital each

year. Recruitment occurred only when acute MRI scanning was available during
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working hours (8am-3.30pm). Recruitment was not possible at the weekend or on
public holidays, during scanner service and repair, and when a radiographer or clinical
research fellow was not available. Over the first 6 months of the feasibility study the

scanner was operational on 44% of days.

Following the completion of the feasibility study recruitment rates were analysed. 73
patients whose symptom onset was within 6 hours were screened. 44 of 73 screened
patients met the study inclusion criteria and 24 were recruited. Consultees were required
for 9 participants. Reasons for non-recruitment can be seen in Figure 3.2: one patient
did not have a contactable consultee, one patient and one consultee declined

participation, and the majority of reasons were due to patient related factors.

Bl Age (1)

[ Clinical reason (10)
[ Consultee required (1)
[] Declined (2)

B MRI contraindication (6)
[] Recruited (24)

Figure 3.2 - Reasons fro non-recruitment in the AMICI feasibility study
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. Large volume Large volume
All patients
protocol protocol (acute)
Number 49 32 25
Mean age (SD), yrs 72.6 (15.2) 74.3 (15.2) 76.1 (15.6)
Female sex, % 49 59 64
Thrombolysed, % 35 44 48
Prior stroke / TIA, % 26 32 37
Hypertension, % 50 54 53
Diabetes mellitus, % 17 16 17
Atrial fibrillation, % 30 38 47
Cigarette smoker
2 12 11
(current), % 0
Median NIHSS (IQR) 7 (12) 10.5 (16.5) 13 (15)
Median ED to MRI (IQR), 1:35 (2:47) 1:35 (3:30) 1:24 (0:35)
h:mm
Median onset to MRI
: 1 :04 (2: 2:48 (1:
(IQR), h:mm 3:22(3:18) 3:04 (2:03) 8 (1:05)
Median presenting ADC
.7 (10.4 .7 (23.1 4.8 (26.2
lesion volume (IQR), ml 1.7(104) >7(23.1) 8(26.2)

Table 3. 1 — Summary demographic data. SD = standard deviation, TIA = transient ischaemic
attack, IQR = interquartile range.
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1 LACS Lac L M 78 1 N 02:41
2 LACS Lac R M 74 2 N 05:00
3 LACS LV L F 84 3 N 03:25
4 TACS LV L M 92 25 Y 02:50
5 PACS LV R M 64 3 N 01:41
6 LACS Lac R F 51 N 03:58
7 TACS LV L F 86 27 N 03:09
8 LACS Lac L M 40 0 N 04:05
9 TACS LV L F 88 25 N 02:15
10 TACS LV R F 94 15 N 03:20
11 POCS Lac R F 79 2 N 07:05
12 TACS LV R F 70 19 Y 02:20
13 TACS LV L F 81 21 N 03:25
14 POCS Lac L M 35 7 Y 03:15
15 PACS LV R M 50 6 Y 03:49
16 PACS LV L M 95 19 Y 04:14
17 PACS LV L F 91 10 N 04:53
18 TACS LV L F 53 13 Y 02:48
19 LACS LV R M 57 7 N 01:43
20 PACS LV R M 86 2 N 01:46
21 PACS LV L M 49 1 N 04:25
23 TACS LV R F 92 25 N 02:32
24 LACS Lac R M 79 2 N 03:33
25 TACS LV L F 68 23 Y 01:00
27 TACS LV R F 80 14 Y 09:50
29 PACS Lac R M 73 3 N ND
30 POCS LV L M 80 3 N 11:06
31 PACS LV L M 54 0 N 02:40
32 LACS Lac R M 66 4 Y 03:06
33 PACS LV L F 76 10 Y 02:40
34 PACS LV L F 78 9 Y 02:50
35 POCS LV R F 66 2 N 16:03
36 POCS Lac R F 69 3 N 06:40
37 PACS LV L F 56 7 Y 01:35
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39 LACS Lac L M 70 2 N 15:00
40 LACS Lac L M 80 2 N 05:30
41 LACS LV L M 71 8 Y 14:36
42 LACS Lac L M 93 4 N 17:00
43 PACS LV L M 48 3 N 16:10
44 TACS LV L F 103 18 Y 03:10
45 PACS LV L M 82 13 Y 03:00
47 LACS Lac R M 78 N 05:45
48 LACS Lac R M 81 2 N 02:08
49 LACS Lac L F 62 7 Y 02:25
50 TACS LV L F 76 25 Y 02:40
51 LACS LV L F 76 11 N 11:25
52 PACS LV R F 77 2 N 02:15
53 TACS LV L M 56 24 N 06:45
54 LACS Lac R F 72 9 N 06:45

Table 3. 2 - Individual patient details. LACS = lacunar stroke, TACS = total anterior circulation
stroke, PACS = partial anterior circulation stroke, POCS = posterior circulation stroke, Lac =
lacunar imaging protocol, LV = large volume imaging protocol.

5.3. Healthy volunteer data
Data from healthy volunteers used in Chapters 5 and 6 was acquired from 6 individuals
working in the AMICI study. All experiments were performed under an agreed
technical development protocol approved by the Oxford University Clinical Trials and
Research Governance office. Median age was 34 years, range 30 to 43. Volunteers were
scanned initially, and then 24 hours and 1 week later. T1-weighted structural images,
fieldmap images protocols, planning sequences, plus 4 repeats of the VEPCASL and

CEST sequences at each time point.
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Chapter 4: Optimization Of Infarct Definition

1. Introduction

Robust definition of tissue outcome and the accurate registration of imaging are
essential for the investigation of tissue fate following a stroke. Determining tissue fate is
a requirement both for the validation of novel imaging modalities, and for early stage
clinical trials using imaging biomarkers as a surrogate of clinical efficacy. In Chapter 2,
the imaging outcomes relied predominantly on changes in total volumes, rather than
coregistered data. Errors in infarct definition can have significant effects on study
sample sizes and power calculations.'”” Additionally, the accurate assessment of tissue
fate at serial time points would allow insight into the dynamics of pathophysiology of
cerebral ischaemia in patients, thus improving the development of preclinical models.
Such information may identify the reasons underlying the difficulties of successfully

translating novel treatment approaches from preclinical to clinical trials."*’

1.1. Registration
Without accurate coregistration, imaging analysis is limited to the use of total lesion
volumes. Use of lesion volumes at a patient rather than tissue level to assess outcome
means that the heterogeneity within the lesion can be overlooked and any changes

. 111, 136
underestimated.”

For example, concurrent lesion growth in one region and
resolution in another would not be identified using total lesion volumes as there would
be little net volume change. Coregistration allows for the heterogeneity of the infarct, a
well described phenomenon preclinically, to be investigated at a tissue level.>> '’

Coregistration is also required to objectively compare signals between imaging

modalities, essential for development of novel imaging biomarkers.
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The majority of stroke studies do not use coregistration of imaging to define tissue fate,
or, if they do, do not routinely give any specific details regarding the registration

109

methodology. ™ Those that do give details use a simple linear registration approach

based on manual identification of landmarks and do not account for any structural

193136 There is little methodological work

changes over time due to oedema or atrophy.
aimed at determining the optimum strategy for defining infarction and coregistration,

and this is limited to post hoc analysis of RCT data.'”

Alternatives to linear registration strategies include: non-linear registration, which
allows local deformations to align the anatomy of brains with different structures and is
commonly used when registering to a standard space image;”' boundary-based
registration, which is widely used in functional MRI experiments to register EPI data to

8

structural images;">® and techniques that incorporate information about field

inhomogeneity to correct for imaging distortions, also used in functional experiments."'

1.2. Infarct definition
The Acute Stroke Imaging Roadmap II advocates the use of DWI or non-contrast CT
acutely to define ischaemic core, although these two modalities do not appear to
measure the same pathophysiology.® ®*'* Restricted diffusion on DWI is thought to

140, 141 .
’ There is

represent cytotoxic oedema and therefore irreversible cellular injury.
debate about whether restricted diffusion is reversible or represents permanent injury. In
a systematic review Kranz and Eastwood found the reported prevalence of diffusion
lesion reversal varied from 0% to 83%.'** Many of the studies included in this review
suffer from flawed methodology: using absolute volumes to define lesion progression /

reversal, not using coregistration, and using subacute outcome assessments without

correcting for oedema. More recent studies using more objective methodologies have
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questioned the significance of diffusion lesion reversal and whether such reversal is

. 111, 143
sustained.

An optimum ADC threshold for defining infarction of 620 x10°mm?/s has been defined
in a small but homogeneous group of patients with proven revascularization in the
DEFUSE study cohort.'” The threshold had a high sensitivity and specificity for
irreversible infarction, but has yet to be validated prospectively. The appeal of using
ADC to define infarction is the potential to automatically define infarction consistently

across imaging platforms, removing the problems of inter-rater disagreements.'**

Despite the need for accurate and consistent definition of final tissue fate, there is no
consensus on which imaging biomarkers should be used in stroke trials to assess final
infarction or at what time points (Chapter 2). The Acute Stroke Imaging Roadmap II
advocates that “24 hour DWI” (range of 18-36 hours) is used to define tissue outcome,
although it does not expand on the choice of ADC or trace DWI images, the need for
coregistration, methods of infarct delineation, or the correction of anatomical (e.g.
oedema) or imaging (e.g. echo planar imaging) distortions.”® The justification for using
“24 hour DWI” is a study by Campbell et al. that compared manually defined infarct
volumes at 24 hours on trace DWI with 90 day T2-weighted FLAIR.”” Unsurprisingly
the infarct volumes of lesions at 24 hours and 90 days correlated well, but they were not
equal, and the 24 hour scan consistently underestimated the final infarct volume at day

90.

1.3. Aims

The aims of this Chapter are:
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To assess the optimum method of registering imaging between imaging time
points, comparing non-linear and rigid body registration on the premise that a
non-linear registration may correct for structural distortion due to subacute
oedema;

To assess the optimum method of registering EPI data within imaging time
points, comparing boundary-based registration and correction for field map
inhomogeneity with rigid body registration;

To determine the strengths and limitations of different imaging outcome time
points (24 hour trace DWI and ADC, and 1 week and 1 month T2-weighted
FLAIR);

To describe the relative frequencies of ischaemic core, infarct growth, and
diffusion lesion reversal within the patient cohort;

To determine the validity of 620x10°mm?/s as an ADC threshold of infarction
and whether it can be used to objectively define infarction at presentation;

To use the optimum infarct definition strategies to objectively investigate the
dynamic properties of diffusion characteristics over time;

To define the framework with which to investigate both perfusion and pH-

weighted imaging in Chapters 5 and 6.
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2. Methods

2.1. Patients
All patients with ischaemic stroke recruited into the AMICI study were considered for
inclusion in this analysis. Patients were excluded if there was no index ischaemic lesion

visible on any of the presenting or follow up scans.

2.2. Infarct definition

2.2.1. Finalinfarction
A neuroradiology fellow and a clinical research fellow (GH) independently outlined the
index stroke lesions using the 24 hour, 1 week and 1 month datasets using the masking
tool in FSLView."”' At 24 hours the lesion was defined on the trace DWI
(b=1000s/mm?), and at 1 week and 1 month the lesion was outlined on the T2-weighted
FLAIR image. Where the mean overlap agreement (see Section 2.5) between the
assessors was less than 80%, a third rater, a consultant neuroradiologist, resolved

discrepancies.

2.2.2. Infarction defined by ADC within 24 hours
ADC lesions at presenting and 24 hour time points were objectively defined using a
threshold of 620 x10°mm?/s to create binary lesion masks at these time points.'” A
cluster-based analysis was performed on the thresholded mask of the ADC data. The
maximum volume cluster was automatically identified and smoothed with a kernel of
standard deviation Imm, followed by repeat cluster analysis and automated selection of

145

the maximum cluster volume. ™ This mask was then restricted to the original

thresholded mask to minimize suprathreshold voxels included by smoothing. The
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automated masks were inspected to ensure the cluster or clusters representing the acute

infarct were correctly selected.

Once in the image space for analysis all masks were further masked using a coregistered
tissue mask generated using the FSL automated segmentation tool on the structural T1-
weighted image.'*® Mirrored contralateral lesion masks were created by reflection in

standard (MNI152) image space.'¥’

2.3. Registration steps
Comparisons of registration or masks at different time points were made in the
presenting structural T1-weighted image space. Comparison of diffusion-weighted
images and masks at the same time point were made in the native diffusion image

space.

2.3.1. Within time point registration

Registration within each time point was achieved using either FMRIB’s linear

133, 134 131

registration tool (FLIRT) or the epi_reg tool in FSL.”" epi reg and FLIRT were
compared for registering of the trace DWI and ADC images to the structural T1-
weighted images within scan time points. Only linear registration using FLIRT was
used to register T2-weighted FLAIR images to the Tl-weighted image as these

sequences do not use EPI readout and hence do not suffer EPI distortions.

Linear registration was achieved using the rigid body (6 degrees of freedom) schedule
available in FLIRT. The rigid body schedule maintains the structure of the brain
applying 3 rotations and 3 translations to the source image to match the orientation and
positioning of the target image. As the images are acquired at the same time there are no

structural changes between image acquisitions (e.g. oedema). DWI was acquired using
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an EPI readout that is susceptible to field map inhomogeneities and distorts the image,
most noticeably in those regions close to the skull base. epi reg uses BBR to identify
changes in intensity over white matter boundaries to align EPI to structural images in

addition to incorporating fieldmap information.'*®

2.3.2. Between time point registration
Registration between time points was rigid body, using FLIRT (as described above), or
non-linear, using FMRIB’s non-linear registration tool (FNIRT). FNIRT generates a
deformation warp that maps the voxel of one structural image onto another, according
to the relative signal intensity and by inference the tissue type. The transformation
matrix output from FLIRT and the warp-field coefficients from FNIRT were generated
by registering the structural T1-weighted image at each scan time to the presenting T1-
weighted image. For both tools an input weighting image of the lesion mask was used to
prevent errors of registration due to T1-weighted signal change at the follow up time
point. Subsequent registrations of images or masks between time points were performed
by applying the transformation matrix or warp-field to the image or mask after it had

been registered to the structural image at its own time point (Figure 4.1).
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Follow up T2- Follow up Presenting
weighted FLAIR structural image structural image

Rigid body
Rigid body ke /

Follow up
DWI Rigid body \
RN / Non-linear

BBR

Figure 4. 1 Schematic representing the possible registration steps from the source image to the
presenting structural image. DWI = diffusion-weighted imaging; BBR = boundary based
registration

2.4. Assessments of agreement
Agreement of defined ROIs between and within time points was evaluated using
volume overlap statistics. These were mean overlap (MO, also known as Dice
coefficient) and union overlap (UO, also known as Jaccard coefficient) measures. False
positive rate (FPR), false negative rate (FNR), and sensitivity (also known as target

148, 14
overlap) were calculated.'** '*’

_2x(SnT)
- T+S
SNT
UO_SUT
S\T
FPR = ——
S
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T\S

o SNT
Sensitivity = T

Where S is the source region being mapped onto the target region, T (Figure 4.2).

Source region Target region

Figure 4. 2 - Schematic demonstrating the overlap regions used to calculate the volume overlap

coefficients

2.5. Contrast-to noise ratio

Contrast-to-noise ratios (CNR) were calculated using the following formula:

(= 1)
O-C

CNR =

Where 1 is the mean intensity within the lesion mask, u. is the intensity in the
contralateral region, and o, is the standard deviation of the signal in the contralateral

lesion.
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2.6. Receiver operating characteristic curve analysis
Receiver operating characteristic (ROC) curve analysis was performed on the
presenting ADC data to determine the areas under the curve (AUCs) for predicting
infarction. Youden index was used to estimate optimum thresholds for defining

infarction.'’

Analysis was performed in DWI space using the registration techniques
outlined above. The analysis was confined to voxels within the tissue mask and within

the range 200 to 1200x10°mm?/s to reduce noise.

2.7. Regions of interest

Regions of interest were defined as described in Chapter 3.

2.8. ADC dynamics
To investigate diffusion characteristics over time ROIs were translated into DWI space
at each time. Both patient level mean data and voxel-wise data were extracted from
ROIs. For the temporal analysis of ADC data acute and 2 hour imaging rather than all

presenting imaging was used to explore the dynamics.

3. Results

3.1. Patient details
Details of the patient lesions and scans used in this analysis are presented in Table 4.1.

42 patients met the criteria for inclusion.
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Presenting

scan 2 hour scan 24 hour scan 1 week scan 1 month scan
£ |e =|s5E|le_ = sE | €%| sE|s E| 2| 65 | 2| §%
2S8E|8e|S8E| 89 |22 | 89 |C69| E2| 89 | 83| 8%
E5E|g5|85F 95 | 2§ | 55 |85\ 2y | 5|28 55
[ = < 9Q|F = <8 =S < g - S| F § T 2 F 5 2
01 02:41 0.2 N N N
02 05:00 0.5 N 0.9 0.6 1.0 3 1.4 30 1.2
03 03:25 0.3 04:35 0.4 1.0 0.8 1.3 9 1.7 37 21
04 02:50 | 26.5 | 04:15 36.3 0.9 52.5 88.1 7 115.0 N
05 01:41 0.9 03:30 21 1.1 33 8.5 4 10.6 37 4.5
06 03:58 0.5 N 1.0 0.7 1.1 5 1.8 35 0.9
07 03:09 | 38.3 | 05:00 37.6 1.1 52.3 67.2 4 93.0 25 69.3
08 04:05 0.1 05:05 0.1 N 4 2.0 32 4.6
09 02:15 41.7 | 04:05 45.0 N N N
10 03:20 | 29.3 | 05:10 31.4 13 29.0 83.0 N 19 72.8
12 02:20 1259' N N N N
13 03:25 | 56.0 | 05:46 67.6 1.0 234.3 278.2 4 443.7 N
14 03:15 1.7 | 04:35 2.0 1.1 1.9 1.6 6 1.6 29 1.2
15 03:49 4.8 | 06:10 34 1.1 2.7 4.8 4 4.0 28 6.0
16 04:14 | 22.8 | 06:10 22.1 N 3 59.5 47 44.8
18 02:48 | 21.9 | 04:51 19.9 1.0 30.6 36.3 4 49.1 34 28.6
19 01:43 | 12.2 | 03:50 16.3 1.0 34.9 33.5 4 59.6 67 18.1
23 02:32 | 39.4 | 04:30 30.4 0.9 34.6 63.3 4 138.7 N
24 03:33 0.5 05:09 0.5 N 7 0.9 35 2.2
25 01:00 5.1 N 0.9 14.3 15.6 6 27.5 28 29.4
27 09:50 | 11.4 N 1.5 1.9 19.8 N 27 22.9
30 11:06 7.6 N 1.4 2.4 12.3 8 20.6 37 4.0
32 03:06 1.8 N 1.1 21 2.8 4 3.7 33 2.3
33 02:40 0.1 04:45 0.0 N 4 0.0 38 0.0
34 02:50 2.4 | 04:20 3.0 1.2 5.1 10.3 N N
35 16:03 1.2 N N N 29 1.4
36 06:40 0.0 N N 3 0.2 25 0.1
37 01:35 6.3 03:45 7.5 N 3 17.8 31 11.7
39 15:00 0.6 N N 8 0.9 43 0.5
40 05:30 0.1 07:00 0.2 N N N
41 14:36 4.0 N 1.5 5.9 9.0 N 29 7.4
42 17:00 3.0 N 1.6 5.8 7.5 5 14.7 42 10.7
43 16:10 | 10.5 N N 6 35.9 27 12.8
44 03:10 0.6 N 0.9 4.6 6.3 N N
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45 03:00 0.5 04:50 1.2 1.0 1.7 4.6 7 7.0 N

47 05:45 0.3 N 0.9 0.0 0.8 7 11 27 0.6
49 02:25 0.6 04:25 0.1 1.0 0.6 1.5 8 1.6 35 0.6
50 02:40 1.8 N N N N

51 11:25 | 10.6 N 1.5 13.3 10.5 8 14.9 22 10.8
52 02:15 0 04:20 0.0 1.0 0.0 0.9 6 0.2 27 0.0
53 06:45 | 82.5 N 1.2 116.7 114.0 7 189.4 29 161.9
54 06:45 2.9 N N 5 5.8 33 2.9

Table 4. 1 - Scan times and lesion characteristics for patients included in the infarct analysis. N =
data not available.

3.2. Inter-rater agreements of infarct definition
The mean overlap agreement for manual infarct definition between the two raters was
92%, 86% and 80% at 24 hours, 1 week and 1 month respectively. The agreements in
individual patients and their relationship with infarct volume are presented in Figure
4.3. On an individual level agreement was generally good with mean overlaps of around
80%. Those with lower overlap agreements were smaller lesions in the presence of
extensive white matter hyperintensities. However, there was no significant correlation

between lesion size and inter-rater overlap agreement at any time point.

3.1. Automated presenting ADC lesion identification
Presenting ADC lesions were detected in 40 of the 42 patients included in the analysis
using the objective cluster-based approach for ADC lesion definition. The lesions that
were not identified at presentation (patients 36 and 52) were a small cerebellar lesion,
which was not visible in the noise of the posterior fossa, and a very small lacunar infarct
amongst extensive white matter hyperintensities. Of the 40 ADC lesions that were
identified, 17 were detected automatically, a further 17 required manual selection to
determine which cluster represented the infarct and the remaining 6 needed some

manual correction to remove incorrectly included noise.
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3.2. Contrast-to-noise ratios
Mean lesion contrast-to-noise ratios were greatest for the 24 hour trace image (7.0),
followed by the 1 week T2-weighted FLAIR image (2.2) and lowest for the 1 month

T2-weighted FLAIR image (1.9).

Trace DWI at 24 hours
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Figure 4. 3 - Inter-rater volume overlap agreements against lesion volume at different outcome
times. Note logarithmic scale of x-axis.
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3.3. Between scan registration

3.3.1. Infarct volume
Comparisons of rigid body versus non-linear registration of the lesion mask at each
time point to the presenting structural image are presented in Table 4.2. Non-linear
registration to the presenting structural scan reduced the final infarct volume at 1 day
and 1 week. The greatest volume change occurred when registering the 1 week scan,
which resulted in 18.2% volume reduction (absolute change: -7.1ml, paired t-test,
p=0.04). This volume change corresponded to the lowest of the volume overlap
agreements between rigid body and non-linear registration (MO=87.6%, UO=77.9%).
There was no significant change in volume following the non-linear registration of the 1

month scan and these registrations had the greatest volume overlap agreements

(MO=91.1%, UO=83.7%).

Time point
Number of patients
Volume following rigid body
registration (ml)
Volume following non-linear
registration (ml)
Paired t-test of volumes
Percentage change (%)
Mean overlap (%)
Union overlap (%)

24 hours 27 30.1 26.1 0.004 -13.1 90.6 82.9

1 week 30 39.0 31.9 0.04 -18.2 87.6 77.9

1 month 29 17.5 17.2 0.13 -2.2 91.1 83.7

Table 4. 2 — Volume changes and overlap agreements of lesion masks following non-linear
registration to the presenting structural image compared to rigid body registration of the same
masks.

Comparison of mean post-registration infarct volumes when all 3 outcomes were
available is presented in Figure 4.4. The post-registration volumes following rigid body

registration to the presenting scan varied significantly between time points. Although a
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similar trend was seen in volumes following non-linear registration there was a lower
statistical significance (ANOVA, p=0.045 (rigid body) and 0.058 (non-linear)). Using
either rigid body or non-linear registration, 1 week lesions were of greatest mean
volume followed by 1 month and then 24 hour scans. On inspection of the images the
reduction in volume following non-linear registration appeared to be due to correction

of distortion secondary to oedema (Figure 4.5).
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Figure 4. 4 - Mean lesion volumes following registration to the presenting structural image where
all three endpoints were available. 17 patients. ANOVA: * = p<0.05, ns = not significant.

A — presenting image B — 1 week, rigid body registration C— 1 week, non-linear registration

Figure 4. 5 Images demonstrating the ability of non-linear registration to correct for anatomical
distortions at the subacute time point when registered to the presenting scan. A: presenting
structural image. B: 1 week structural image registered to the presenting image using a rigid body
transformation. C: 1 week structural image registered to the presenting image using a non-linear
registration.
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3.3.2. Tissue overlap
Agreements between lesion masks derived from T2-weighted FLAIR images at 1 month
and 1 week are presented in Table 4.3. Using 1 month non-linearly registered lesion
masks as the target regions, the non-linear registration of the 1 week scan was found to
give improved volume overlap coefficients (MO and UQO) and a lower false positive rate
than rigid body registration of the 1 week regions. Furthermore, volumes are more
comparable between time points using non-linear registration as would be expected
given the correction of structural distortion demonstrated above (Table 4.2, Figures 4.4
and 4.5). The larger volume of the 1 week lesion following rigid body registration
resulted in improved sensitivity (larger source volume) and therefore false negative rate
compared to non-linear registration. However, in light of the marked distortion due to
oedema demonstrated here, this does not represent improved tissue level registration as

was indicated by the greater FPR (Table 4.3).

Non-linear registration provided improved registration between time points particularly
at 1 week and 24 hours because it corrected for structural distortion due to oedema.
Given this finding the default registration between time points was subsequently set to

be non-linear registration unless otherwise stated.

3.4. Optimum infarct definition: 1 week versus 1 month
The final comparison in Table 4.3 uses the 1 week non-linearly registered lesion mask
as the target region and the 1 month lesion mask as the source region. The data
demonstrate an apparent insensitivity (68.6%) of the 1 month scan and a
correspondingly high false negative rate (31.4%). To ascertain whether the 1 week
masks were overestimating infarction or whether the 1 month masks were

underestimating infarction the lesion the masks were visually inspected. A reduction in
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T2-weighted signal intensity at 1 month, compounded by partial volume effects, and a
resulting difficulty in defining the lesion was found to be responsible for the
underestimation of the lesion at 1 month rather than uncorrected oedema at 1 week or

atrophy at 1 month. An example of such an effect is presented in Figure 4.6.

1 week 1 month

Figure 4. 6 - An example of reduced T-2 weighted signal intensity on FLAIR images at 1 month
leading to an underestimation of the lesion at this time point.

Raw image

Masked
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Table 4. 3 - Comparison of lesion masks registered to the presenting structural image. Number of
patients = 24.

3.5. Within time point registration at 24 hours: rigid body versus BBR
Registration agreements using either rigid body or BBR for within scan time
registration of the 24 hour trace DWI lesion masks are presented in Table 4.4. BBR
correcting for fieldmap inhomogeneity did not register the images as well as rigid body
linear registration: BBR reduced the lesion volume relative to the target with
corresponding reductions in overlap coefficients and sensitivity, and it also increased

the false positive rate despite the reduced lesion volume.

Within scan registration
technique
Mean difference in volume
to target (ml, %)
Mean overlap (%)
Union overlap (%)
False negative rate (%)
False positive rate (%)
Sensitivity (%)

Rigid body 77.4 63.1 33.1 8.0 66.9

BBR

Table 4. 4 — Comparison of rigid body and BBR registration of DWI to the structural image at 24
hours using the 1 week lesion mask as a target. BBR: boundary-based registration. DWI: diffusion-
weighted imaging. All between scan time point registration was non-linear. Number of patients =
22.
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3.6. ADC versus trace DWI at 24 hours

Comparison of automated ADC mask definition and manual delineation of the trace

DWI is presented in Table 4.5. The ADC lesion mask had lower overlap coefficients

than the manually delineated trace DWI lesion masks (using the 1 week lesion masks as

a reference). Direct comparison of trace DWI and ADC lesion masks in diffusion space

confirmed that this observation is due to an insensitivity of the ADC lesion to the trace

DWI (sensitivity: 53%, false negative rate: 31%). An example of this insensitivity is

presented in Figure 4.7. The voxels not included in the ADC lesions that were included

in the trace lesions had a positive predictive value of 85% for infarction at 1 week and

were therefore predominantly diffusion lesion pseudonormalization (i.e. recovery of

ADC values in tissue destined to infarct) rather than representative of true tissue

recovery.
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trace DWI -27.0% 77.4 63.1 33.1 8.0 66.9
lesion
Automated -18.4,
! . . 46.8 6.3 53.2
ADC lesion -43% 67.9 L4

Table 4. 5 — Comparison of 24 hour trace and ADC lesion masks with 1 week lesion masks. All
within scan time point registration was linear and between scan time point registration was non-

linear. Number of patients = 22.
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Raw images

Masked

Figure 4. 7 — An example of underestimation of the trace lesion at 24 hours using a thresholded
ADC lesion mask.

3.7. Comparison of 24 hour and 1 month lesions to 1 week lesions
Both 24 hour and 1 month lesion masks showed insensitivity to infarction as defined on
the 1 week scan in terms of absolute volume (Figure 4.4) and coregistered volume
overlap results confirmed this (Table 4.6). The 1 month lesions had volumes more
similar to those at 1 week than the 24 hour lesions (Figure 4.4), but this was explained
by a higher false positive rate and not by an improved sensitivity (Table 4.6). Visual
inspection of the data demonstrated that the high false positive rate using 1 month scans
was in part attributable to a lower CNR at this time and inclusion of white matter

hyperintensity probably not linked to the index event (Figure 4.8).

Given the apparently similar insensitivities of the 24 hour and 1 month lesions to the 1
week outcome an exploratory analysis of the false negative voxels was made. Only 40%

of the false negative voxels using the 24 hour lesion were also falsely negative by the 1
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month lesion, and 49% of the false negative voxels using 1 month lesions were falsely
negative on the 24 hour scan. This indicated that the insensitivity was for different

reasons at the different time points and not because of a high FPR at 1 week.
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Table 4. 6 - Comparison of optimized 24 hour and 1 month lesion masks with 1 week lesion masks.
Between scan registration was non-linear and within scan registration was rigid body.

1 week 1 month

Raw image

Masked

Figure 4. 8 — An example of lower contrast-to-noise of the lesion at 1 month leading to
inappropriate inclusion of pre-existing white matter hyperintensity. Greater contrast-to-noise
ratios at 1 week allow discrimination of infarct from pre-existing white matter hyperintensity.
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3.8. Regions of interest prevalence
Using the optimized infarct definitions determined in this Chapter the relative
frequencies of tissue fates for the dataset were determined. The ischaemic core
represented 31% of the final infarct voxels (patient median: 26%, range: 0-70%). There
was no correlation between time from symptom onset and the proportion of final infarct
that was represented by infarct growth (R*=5%, p=0.2). Where both 24 hour DWI and
follow up 1 week FLAIR images were available, 52% of the infarct growth was
apparent on the 24 hour trace image (early infarct growth) and the remaining 48% was

identified on the FLAIR image beyond this time point (late infarct growth).

Of the presenting ADC lesions 12% of voxels were not included in the final infarct
(radiographic recovery) and the remaining 88% represented the ischaemic core. Of the
ADC lesions at 24 hours 8% of voxels were not included in the final infarct. In contrast,
22% of the ADC lesion voxels had above threshold ADC values at 24 hours, but were

included in the final infarct (diffusion lesion pseudonormalization).

3.9. ADC analysis

3.9.1. Receiver operating characteristic curve analysis
ROC curve analysis of presenting ADC data generated AUCs of 0.68 for all presenting
scans and 0.66 for acute scans only (Figure 4.9). Youden analysis estimated the
optimum ADC threshold to be 630x10°mm?/s both for all presenting scans and when
analysis was restricted to the acute datasets. The corresponding sensitivities and
specificities were 48% and 82% (all presenting) and 45% and 82% (acute only).
Analysis of patients with acute scans that had reperfused by 24 hours produced an AUC
of 0.72 and an optimum threshold of 615x10°mm?”s for final infarction, with a

sensitivity and specificity of 53% and 83% respectively.
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Figure 4. 9 — Top panel: receiver operating characteristic curve for ADC in predicting final
infarction for all presenting scans, area under the curve = 0.68. Bottom panel: Youden analysis to
determine optimum ADC threshold for defining infarction, optimum threshold = 630x10°mm/s.

3.9.2. ADC dynamics
Mean patient ADC values within the final infarct ROIs were found to decrease over the
first 24 hours remaining lower at 1 week, before demonstrating facilitated diffusion at 1

month (Figure 4.10). Voxelwise analysis of the distributions of the ADC values within
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the ischaemic core showed heterogeneity of diffusion dynamics (Figure 4.11 and 4.12).

A proportion of voxels were found to undergo diffusion lesion pseudonormalization

(22%) by the 24 hour time point. However, the mean ADC value within the ischemic

core did not rise above the threshold of 620 x10°mm?/s until after 1 week. The ADC

values in the regions of diffusion lesion pseudonormalization remained lower than those

in the contralateral ROI at 24 hours, but rose above the threshold of 620 x10°mm?/s and

are therefore not included in the objectively defined ADC lesion at this time.
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Figure 4. 10 — Mean patient ADC values within the coregistered final infarct masks over time.
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Figure 4. 11 — Mean voxel ADC values within the ischaemic core and the diffusion lesion
pseudonormalization (DLP) regions. Error bars = standard deviation.
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contralateral ROI for reference (bottom right).
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4. Discussion

In this Chapter the different imaging time points that might be used to assess outcome
in the study were used to assess the optimum method of registration and final infarct
definition. The preferred techniques were then used to define and describe the ROIs at a
tissue level. These ROIs were used to investigate the dynamics of the diffusion

characteristics over time.

4.1. Registration
Non-linear registration to the presenting structural scan produced more consistent total
infarct volumes across time points. More importantly, at a tissue level, non-linear
registration improved overlap agreement between time points in defining infarction.
This improved agreement was achieved by the non-linear warp applied to the follow up
images, which uses image details outside the infarct to correct for the distorting effect of

oedema within the infarct.

Concerns regarding the use of 24 hour to 1 week outcomes in stroke studies have
primarily centred on the over estimation of infarction due to oedema.”® Non-linear
registration to the presenting structural image compensates for this potential
confounding error. Using non-linear registration between scan times will improve
confidence when assessing the fate of the brain tissue within a voxel. This is of
particular value when interpreting a novel imaging technique or the efficacy
intervention at a tissue level. Non-linear registration between scan times should be the

preferred registration strategy in stroke studies.

4.2. 24 hour imaging outcome
Using ADC to define infarction at 24 hours is appealing because it would allow cross

platform objective infarct definition. However, ADC is less sensitive than trace image at
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this time point because of diffusion lesion pseudonormalization at 24 hours, a
phenomenon that had been thought to occur later than this when patient level have been

. 1, 151, 152
interrogated.”" 1"

These data show that within individual patients some regions
undergo diffusion lesion pseudonormalization sooner than the patient mean data. Trace
DWI is less susceptible to this insensitivity because it combines both T2-weighted
signal and restricted diffusion. Therefore, regions that have undergone

pseudonormalization are still included in infarct definitions because of the T2-weighted

signal contribution.

Attempts to use BBR and corrections for fieldmap inhomogeneity to improve
registration of EPI data did not improve the registration of lesion masks, and rigid body
registration within scan time was superior. This relative failure of BBR may be due to
the different grey and white matter contrast in the trace DWI compared that of blood
oxygen level dependent imaging used in functional MRI for which the BBR technique
was developed. For practical purposes, EPI distortions do not appear to have a
significant effect on the lesion definition as the lesions are typically in areas not
significantly affected by fieldmap inhomogeneity. However, such distortions would be

more important in studies of posterior fossa pathology.

4.3. Defining final infarction

4.3.1. 1 week versus 1 month outcome
The 1 week lesions on T2-weighted FLAIR imaging provided optimum infarct
definition following non-linear registration to the presenting imaging space for several
reasons. Compared to 1 month, the 1 week imaging had higher T2-weighted signal
intensity and a correspondingly higher CNR, and this improved sensitivity to infarction.

At 1 month, the lower CNR led to a higher false positive rate, because it is harder to
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distinguish infarct from pre-existing white matter hyperintensities. Finally, the higher

CNR improved inter-rater agreements at 1 week compared to 1 month.

4.3.2. 24 hour trace DWI
The trace DWI at 24 hours, a combination of diffusion- and T2-weighted signal,
underestimated the final infarct, in particular when oedema is corrected for using non-
linear registration. This insensitivity of 24 hour trace DWI is consistent with other work
that measured unregistered lesion volumes,” and may be either due to radiographic
insensitivity to completed infarction or a reflection of ongoing pathophysiological
processes beyond 24 hours. Such processes include reperfusion injury,” failure of
collateral or critically restricted perfusion in the presence of haemodynamic
compromise, or extension of the occluding thrombus. These factors may be responsible
for those patients who clinically deteriorate following presentation, a phenomenon that
is often poorly explained. In addition, the histological changes that occur as a result
delayed neuronal injury are seen hours to days after ischaemia and may not be
radiographically visualized until beyond 24 hours.” DWI lesions have been observed to

. . 153
grow even after proven recanalization.

Trace DWI had a similar degree of insensitivity as the 1 month T2-weighted FLAIR,
albeit in different voxels, but had a lower FPR. 24 hour trace DWI should be preferred
to 1 month imaging as a tissue outcome when 1 week is not available. If 24 hour
imaging is used, the insensitivity to final infarction must be considered in the study

design and in the interpretation of the data.'"
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4.4. Presenting ADC data

4.4.1. Automated infarct definition
ROC curve analysis of these data produced an ADC threshold that was essentially the
same as that derived from a homogeneous subset of the DEFUSE cohort (630%10°/mm
versus 620x10°%mm).'"” This threshold was not greatly affected by subsequent

reperfusion status or restricting data to those within 6 hours only.

Automated presenting lesion definition, using an objective ADC threshold, was feasible
in the majority of a heterogeneous cohort of patients presenting with acute stroke. This
approach would allow consistent infarct definition across imaging platforms and sites.
This is particularly important when using imaging to select patients for studies, as

quantification of volumes by eye is not reliable.'% '**

4.4.2. Dynamic diffusion changes
In acute stroke, diffusion restriction is thought to be due to cytotoxic oedema and

intracellular movement of water.'*°

Facilitated diffusion observed at later time points is
a result of changes in tissue integrity and an increase in the number of free water
molecules, and has been described at a patient level as occurring between 48 hours and

k.t 1411152 The patient level data presented in this Chapter are consistent with

1 wee
this temporal pattern. However, voxel-wise analysis revealed heterogeneity of ADC
dynamics at a tissue level with pseudonormalization in some voxels earlier than
previously described. The early pseudonormalization may be a consequence of
increased capillary permeability and vasogenic oedema, in addition to necrosis and cell

134155 representing an acceleration of the natural history of the ADC dynamics

lysis,
within the ischaemic core. This reversal of ADC characteristics does not represent tissue

recovery.
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Sustained radiographic recovery did occur in around 12% of the presenting ADC lesion
and 8% of the 24 hour ADC lesion. However, this may be an overestimate because the
proportion could have been increased by minor errors of registration.''' This low
frequency of radiographic recovery is consistent with findings of recent studies that

reported diffusion lesion reversal was infrequent and predominantly transient.''" 1>

The observed heterogeneity of ADC dynamics is consistent with the heterogeneity of

33,157

metabolism within the ischaemic region demonstrated using PET imaging and seen

in experimental models.'>>* '*®

There are a variety of injurious pathologies, including
energy failure and excitotoxicity, free radical production, peri-infarct depolarization,

inflammation and apoptosis that occur following cerebral ischemia and each will have

different effects on the diffusion properties of water at different times."

4.5. Limitations

4.5.1. Registration
Non-linear registration was shown to be the optimum technique for between time point
registrations. Although it is difficult to be certain whether all structural distortions have
been completely corrected, the volume changes and visual inspection do support this
being the case. Defining accuracy of image registration globally, without well-defined
ROIs (such as infarct volume), is problematic as the same algorithms that are used to

assess the accuracy are used to optimize the registration.

4.5.2. Infarct definition
As with all tissue-based analyses, the infarct definitions are susceptible to errors of
registration. Potential error can be introduced when registering masks through one or

more registration steps. Each step introduces uncertainty, or blurring, at the edge of the
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mask. Once registered to the destination image space the masks were thresholded at 0.5
to prevent overestimation of the intended region. This introduces errors of partial
volume in lesion definition. As a result, some overestimation of infarct growth or lesion
reversal may occur once registered masks are combined, in addition to any under

correction of distortions due to oedema.

Ischaemic injury might have occurred outside of the defined final infarct and be below
the limit of detection on conventional imaging. Such sub-radiographic injury has been
described in PET and preclinical studies although the clinical implications of this are

36, 159, 160
not known.** 1%

4.5.3. ADC dynamics
The heterogeneity of the patient population demonstrates how optimum image
registration, final infarct definition and automated presenting ADC lesion definition
might be used and interpreted in an unselected cohort of stroke patients encountered in
clinical practice. However, together with the sample size, the heterogeneity of patients
does limit the interpretation of dynamic ADC properties with respect to stroke subtypes.
Perfusion analysis is not fully presented here, given that the purpose of this Chapter has
been to explore the optimum methodology to define tissue fate. Interpretation of
perfusion dynamics in the framework of tissue outcome described in this Chapter will

form the basis of Chapter 5.

S. Conclusions

In this Chapter the optimum registration techniques and infarct definitions have been
defined for the subsequent analyses. Non-linear registration is the preferred registration
technique between scan time points and rigid body registration should be used between

protocols within scan times. 1 week T2-weighted FLAIR is the optimum method for
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defining infarction following non-linear registration to the presenting scan to correct for
oedema. 24 hour trace DWI is a less sensitive alternative. Finally, using optimized
lesion definition it was shown that ADC dynamics are heterogeneous and diffusion
changes may represent different biological processes at different time points. The
rigorous definition of tissue outcome is essential for the robust interpretation of not only
ADC, but also the perfusion and metabolic imaging techniques that form the basis of

the following Chapters.'®
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Chapter 5: Quantification of Cerebral Blood Flow In Acute Stroke

1. Introduction

Perfusion-weighted imaging (PWTI) has been used to investigate and define tissue at risk
of infarction since the ischaemic penumbra was first described.'® However, as seen in
Chapter 2, no strategy using PWI to select patients for intervention has been
successfully translated into clinical practice. The Acute Stroke Imaging Research
Roadmap II was developed on the background of recent null acute stroke trials
incorporating selection using PWIL.>® Although this consensus statement emphasizes the
importance of imaging biomarker definitions and the consistency of imaging
parameters, it falls short of questioning the validity of the perfusion-diffusion mismatch

and associated concepts.

1.1. Experimental models
Thresholds of cerebral blood flow (CBF) have been proposed in animal models at

which a variety of pathophysiological processes occur,'® although the effects of duration

34,161, 162
> 5 Th

of hypoperfusion on tissue outcome has been more challenging to describe. e

defined thresholds range from those of electrical activity failure and selective neuronal

18, 163

loss, through to changes in metabolic pathways and overt energy failure with loss

of cellular ionic gradients.'** '%

Absolute CBF thresholds of macroscopic infarction range from 10ml/100g/min to
24ml/100g/min depending on the experimental model (e.g. species) and the duration of
ischaemia.'® '* The longer the duration of ischaemia the higher the threshold, reaching

166, 168

a plateau 3-4 hours after stroke onset. Data from experimental models suggest that

histological changes also occur in hypoperfused tissue outside the macroscopic infarct,
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a finding that has been corroborated in human stroke using PET imaging, although the

relationship with the time course of perfusion to these changes is not clear.’® "> 1%

1.2. Clinical data
Evidence from large randomized trials shows that reperfusion therapies improve clinical
outcome if administered early following stroke onset.”® By inference there is a lower
threshold for non-viable tissue at earlier time points and therefore is a greater amount
salvageable penumbra available to benefit from reperfusion. As the duration of
ischaemia increases the CBF thresholds increase and a smaller volume of the perfusion

deficit is viable.

The natural history of absolute CBF values and ischaemic thresholds are less well
described in stroke patients than in experimental models. Attempts have been made to
quantify CBF using contrast MRI and CT, but generating absolute measures is
challenging and giving repeated boluses of contrast and radiation has limited serial
acquisitions.”” 777 For reasons of pragmatism contrast MRI or CT studies often use
surrogates of perfusion that correlate with tissue outcome, such as T, but the
physiological significance of such surrogates is not known.*' Reliably quantifying
absolute CBF has required the use of radioisotopes (e.g. oxygen-15 PET). These studies
are usually small and not validated in multiple centres, but do allow perfusion

thresholds to be linked to metabolic activity.

Estimates from contrast perfusion and PET studies suggest that the grey matter CBF
threshold for tissue at risk of infarction is approximately 20ml/100g/min, but range
from 12 to 40m1/100g/min.*® '*'"! Thresholds for non-viable tissue (i.e. the ischaemic
core) are less well described and generally lower than those for tissue at risk.*® White

matter thresholds for tissue at risk are lower than those for grey matter and estimated to
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be around 12ml/100g/min, although this is harder to estimate owing to the poor

perfusion signal to noise ratio encountered in white matter.* '’ '"2

1.3. Perfusion dynamics
The available evidence suggests heterogeneity in the degrees of reperfusion following
human stroke.'” In experimental models, heterogeneity of reperfusion characteristics is
also seen, including both hypoperfusion and hyperperfusion following recanalization.*"
7% A variety of factors may affect the degree of reperfusion in addition to the tissue

175, 176
75176 Pyrthermore,

state including microvascular thrombi and endothelial dysfunction.
reperfusion may be deleterious in some instances, a phenomenon known as reperfusion

injury.”! Data examining the natural history of perfusion over time are limited in human

stroke and often restricted to binary assessments of reperfusion or vessel status.

1.4. Arterial spin labeling
As discussed in Chapter 1, arterial spin labeling (ASL) is increasingly being used to
measure perfusion in the context of acute ischaemic stroke because it is non-invasive,
can be performed serially without repeated contrast administration, and allows
estimation of absolute CBF.”>® As such ASL has the potential to meet the criteria of
“repeatable non-invasive 3-dimensional imaging of regional cerebral blood flow”

outlined by Astrup et al. for monitoring therapeutic intervention.'®

In this Chapter, multiple post labeling delay (PLD) vessel-encoded pseudocontinuous
ASL (VEPCASL) will be used to investigate the natural history of perfusion in stroke.
Vessel encoding improves the estimation of CBF where voxels have a mixed arterial
supply without compromising the signal to noise ratio.'”” Using multiple PLD
VEPCASL permits the estimation of the bolus arrival time (the time from labeling to

arrival in the cerebral parenchyma, BAT) and hence improved CBF quantification if
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there is delayed arrival of blood to the tissue. BAT using ASL has not been measured
before in acute stroke, but is an important parameter to validate the single post labeling
delay of 2.0s recommended by the International Society for Magnetic Resonance in

Medicine perfusion study group.®

1.5. Aims

The aims of this Chapter are:

* To assess the ability of VEPCASL to investigate CBF in acute ischaemic stroke;

* To quantify CBF in the regions on interest defined in Chapters 3 and 4;

* To explore the utility of using absolute CBF in distinguishing viable from non-
viable tissue and at risk from not at risk tissue;

* To determine the influence of perfusion dynamics on tissue fate; and

* To explore the strengths and limitations of using absolute CBF measurements

acutely to explain the pathophysiology of acute ischaemic stroke;

2. Methods

2.1. Patients and data quality
Six healthy volunteers were scanned with four repeated VEPCASL sequences at 3 time
points as described in Chapter 3. All patients recruited into the large volume imaging
protocol were included in a qualitative assessment of data integrity. Patients were
included in quantitative analyses if there was non-corrupted VEPCASL perfusion data
available and there were the required lesions with which to define the regions of interest

(ROISs).
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All images were inspected by a clinician (GH) and assessed for quality. Images were
judged to be of good quality if there was the expected distribution of perfusion within

the grey matter and appropriate labeling of the perfusion from the feeding vessels.

2.2. Perfusion imaging
CBF was measured using a multiple PLD VEPCASL sequence.'”” Imaging was
acquired by placing a labeling plane approximately 8cm below the level of the circle of
Willis, through the proximal V3 segment of the vertebral arteries. Labeling of the
arterial blood was achieved using a 600us Gaussian radiofrequency pulse once per
millisecond over 1.4s. A single shot echo planar imaging readout was used, acquiring
24 slices sequentially from inferior to superior to give whole brain coverage (TR =
4080ms, TE = 14ms, voxel size = 3.4x3.4x4.5mm). Volumes were acquired following a
range of 6 PLDs (0.25s, 0.5s, 0.75s, 1s, 1.25s, 1.5s). Vessel encoding of the four arteries
in the labeling plane was achieved by means of 8§ paired encoding cycles in a range of
orientations.'”” '"® Calibration scans were acquired using identical parameters to the
VEPCASL sequence, but without ASL or background suppression applied, to allow
absolute CBF quantification and to correct for uneven spatial sensitivity. Total

acquisition time was Smin 55s.

2.3. Image processing
Retrospective motion correction was applied using the MCFLIRT tool found in FSL."*"
133 Calculation of the perfusion signals arriving from each artery at each PLD was
achieved using a maximum a posteriori approach to the general Bayesian framework
for vessel encoded data.'”™ ' A kinetic curve was fitted to the data for each feeding
artery separately to estimate CBF and BAT with a corresponding variance using a

130

variational Bayes approach.’® Signal calibration was performed using the
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cerebrospinal fluid signal within the calibration images as a reference, defined using a

147

ventricle mask transformed from standard space (MNI152) ™" to the ASL image space

and superimposed with the subject’s own CSF mask registered from T1 image space.'*

The resulting vessel-specific CBF maps were summed to generate a map of the total
CBF from all arteries. Vessel-specific BAT and variance maps were combined using a

voxelwise weighting for vessel-specific CBF as a proportion of total combined CBF.

2.4. Perfusion masks
Masks of the presenting perfusion deficit were generated using a thresholded approach
to identify and cluster all grey matter voxels with a CBF of less than 20ml/100g/min.
This threshold was chosen as it is thought to represent the approximate threshold for
identifying tissue at risk in patients with acute stroke.”” '®'"! These thresholded
clusters were used as a guide for manual delineation of the perfusion deficit. The
resulting masks were then ‘“closed” by sequential dilatation and erosion before

registration into perfusion image space at each time point.

2.5. Regions of interest and registration
The patient regions of interest (ROIs) used in this analysis are described in Chapters 3
and 4. The specific ROIs used were: ischaemic core, early and late infarct growth,
radiographic recovery, diffusion lesion pseudonormalization. A further ROI was defined
for this Chapter: peri-infarct. Peri-infarct ROIs were generated in ASL image space by
dilating the final infarct mask using a 3x3x3 kernel centered on each voxel of the final
infarct mask. The final infarct mask was subtracted from the dilated mask to leave the
peri-infarct ROI. This tissue represents regions likely to have abnormal perfusion, but

survive, and are not defined by the ASL signal itself.
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All between scan time point registration was performed using non-linear registration

warps generated by registration of the structural images."’

Within scan time point
registration was achieved using a rigid body registration.'*®> Masks were translated from
native image space to the presenting structural image before registration into VEPCASL

image space. These masks were then thresholded (0.5) and composite masks generated

according to the definitions outlined in Chapters 3 and 4.

2.6. Tissue type partial volume estimates
Tissue segmentation of the presenting structural T1-weighted image was used to define

grey and white matter partial volume estimates (PVEs).'*

PVEs were registered into
perfusion image space allowing grey and white matter masks with differing PVE
thresholds to be generated. Primary analyses were performed within grey matter masks
with a default PVE of 0.5 at each time point. Further analyses were made within grey
and white matter masks thresholded at PVEs of 0.7, and a PVE of 0.9 in white matter
only, to allow effects of partial volume to be investigated. A maximum grey matter
partial volume estimate of 0.7 was chosen because the thin cortices of stroke patients,

relative to the voxel size, resulted in the exclusion of the majority of voxels if higher

thresholds were used (Figure 5.1).
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50% PVE threshold 70% PVE threshold 90% PVE threshold

Figure 5. 1 — Binary images representing voxels from a single slice in ASL image space using
increasing thresholds of partial volume estimates to define grey matter. PVE = partial volume
estimate.

2.7. Data extraction and analysis

2.7.1. Bolus arrival time
To investigate the distribution of BATs within the presenting perfusion lesion, data
were extracted from the acute arrival time maps. Data were only extracted where the
variance estimate for the bolus arrival time was less than a threshold of 0.175s. This
ensured that the BAT distribution represented only those voxels where there was a
reasonable confidence about the BAT value. The proportion of voxels for which the
BAT could be reliably estimated was recorded in addition to the mean BAT within
those voxels. BAT cannot be estimated for those voxels where CBF is near 0 and where
the arrival time delay is later than approximately 2.5s. This maximum arrival time delay
is constrained by the maximum post labeling delay of 1.5s, the labeling period of 1.4s
and the T1 decay of water (1.7s at 3.0T)."*® Histograms were generated to assess the

BAT distribution of voxels.
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2.7.2. Cerebral blood flow
Mean and standard deviations were extracted to generate both patient level and voxel
level data within each of the defined ROIs. Repeatability within healthy volunteers and
the contralateral hemispheres of patients was quantified using the coefficient of
variation (mean + standard deviation) and ANOVA. The acute scans were selectively
used to minimize the inclusion of patients who had reperfused at the time of presenting

imaging.

2.8. Receiver operating characteristic curve analysis
To investigate the utility of using VEPCASL to predict tissue at risk of infarction, ROC
curve analyses were performed on the perfusion data to generate AUC values. Youden
indices were calculated to estimate the optimum CBF thresholds to predict infarction.
Analyses were performed to assess the ability of CBF to predict tissue viability, defined

by the acute ADC lesion, and to predict tissue at risk, defined by the final infarct.
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3. Results

3.1. Patient details and data quality
The patient demographics and data quality are presented in Table 5.1. 32 patients were
prospectively enrolled in this study and underwent VEPCASL imaging, of which 2 had
no identifiable lesion on the presenting DWI and transient neurological symptoms so
were excluded from further analysis. Of 100 VEPCASL datasets, 23 were discarded due
to motion corruption. Motion affected scans at all time points with the exception of the

1 month scans. Representative perfusion images are presented in Figure 5.2.

Figure 5. 2 - Representative VEPCASL perfusion images from three patients. A: perfusion deficit
in the territory of the right internal carotid artery (red); B: perfusion deficit in the right
hemisphere, but supplied by the left internal carotid artery; C: corrupt perfusion data (excluded)
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Table 5. 1 — Patient demographics and data quality. G = good quality; B = bad quality; N = data
not available; NIHSS = National Institute for Health Stroke Scale.

3.2. CBF in healthy volunteers
71 of 72 healthy volunteer datasets were of sufficient quality for inclusion in the
analysis. The average grey matter perfusion was 62 + 15 ml/100g/min (mean + standard

deviation). Coefficients of variation between measures at the same scan time point was
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8.5%, between scan time points was 9.7% and between individuals was 15.9%. Two-
way ANOVA demonstrated a significant variation in CBF measurements between both

the individual and the scan time (p<<0.0001). Data are presented in Figure 5.3.
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Figure 5. 3 —Cerebral blood flow (CBF) variation seen within and between healthy individuals

3.3. Bolus arrival time in healthy volunteers
Distribution of bolus arrival times in the ROIs of healthy volunteers is presented in
Figure 5.4. Median bolus arrival time was 1.1s with 99% of voxels having an arrival
time of less than 2s. Bolus arrival time could be estimated with confidence in 89% of

voxels.
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Figure 5. 4 — Bolus arrival time (BAT) distribution in the healthy volunteer ROIs

3.4. CBF in the contralateral hemisphere of patients
Within the contralateral ROIs of patients the mean CBF was 54ml/100g/min (+
43ml/100g/min, n = 8522). The coefficient of variation was 25% between patients and
16% between time points. For patients with both presenting and 24 hour scans, two-way
ANOVA demonstrated a significant interaction between the patient and the contralateral
CBF values (p= 0.02), but not between the scan time and CBF (p=0.12). CBF values
from the contralateral hemisphere are presented in Figure 5.5. There was no effect of

tPA infusion on contralateral CBF.
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Figure 5. 5 — Contralateral cerebral blood flow (CBF) values over time in individual patients. Red
lines = patients infused with tPA acutely.

3.5. Bolus arrival time in patients
The distribution of arrival times can be seen in Figure 5.6. Using a BAT variance
threshold of 0.175s estimates of perfusion were made in 74% of voxels within the
contralateral ROI and to 41% within the presenting perfusion deficit. The median arrival
time in the contralateral hemisphere voxels was 1.1s (mean + standard deviation; 1.22s
+ 0.30s, n = 6305) and in the perfusion deficit was 1.3s (1.44s, SD £ 0.29s, n = 4458)

(unpaired t-test, p < 0.0001).

An analysis with a much lower BAT variance threshold was used (0.04s) to assess
whether model priors were overly influencing the BAT estimate. This produced a
similar distribution of BATs to the higher threshold (Fig 5.6), although only in a small

subset of voxels (6%).
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Figure 5. 6 — Distribution of bolus arrival times (BAT) in the perfusion deficit and mirrored
contralateral region (top left and bottom left). Distributions in the ischaemic core (top right) and
using a stricter BAT variance threshold in the perfusion deficit (bottom right).

3.6. CBF in the ischaemic hemisphere of patients
Within the cerebral grey matter, a graduated severity of hypoperfusion was seen within
6 hours of stroke onset (Figure 5.7, top panel). Ischaemic core had the lowest perfusion
at presentation (mean + SD, 14 £ 16 ml/100g/min, n = 732), followed by regions of
early (21 £ 28 ml/100g/min, n = 2139) and then late infarct growth (25 £ 35, n = 830;
ANOVA, p < 0.0001 for ischaemic hemisphere ROIs). Mean CBF in the peri-infarct
region (28 £ 33 ml/100g/min, n = 2186) was less than the contralateral region (51 £ 43
ml/100g/min, n = 7145; t-test, p < 0.0001) but not as severely hypoperfused as ROIs

that infarcted.
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At a patient level, mean CBF values showed a similar pattern to voxel level data,

although this did not reach statistical significance (ANOVA, p = 0.1 for ipsilateral

ROIs). There were a range of CBF values for each ROI definition at a patient level and

considerable overlap between the ipsilateral ROIs values (Figure 5.7, bottom panel).
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Figure 5. 7 - Top panel: voxelwise mean CBF in grey matter regions of interest in the acute (<6
hours) presenting scans. Bottom panel: Patient level data for the same regions of interest at the
same time point. IC = ischaemic core; EIG = early ischaemic growth; LIG = late ischaemic growth;
PI = peri-infarct; CONTRAP = ROI contralateral to the perfusion deficit. Grey matter partial

volume estimate threshold = 0.5
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Exploration of the CBF values within the presenting ADC lesion can be seen in Figure
5.8. Regions of diffusion lesion pseudonormalization had a lower CBF than the
ischaemic core as a whole (7 = 9ml/100g/min, n = 74; t-test, p < 0.0001). In the
radiographic reversal tissue there were wide confidence estimates, even at the voxel

level, due to the relatively small volumes of grey matter this represents.
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Figure 5. 8 - Voxelwise mean CBF in grey matter regions of interest within the ischaemic core in
the acute (<6 hours) presenting scans. IC = ischaemic core; DLP = diffusion lesion
pseudonormalization; RR = radiographic recovery; CONTRAP = mirrored perfusion deficit. Grey
matter partial volume estimate threshold=0.5

Figure 5. 9 — An example of hyperaemia in the infarct core of a patient at 1 week. Presenting
apparent diffusion coefficient image (left) registered to 1 week total CBF map (right). Yellow arrow
indicated location of ischaemic core.
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3.7. Contrast-to-noise
The weighted mean acute contrast-to-noise ratio (CNR) for CBF within the final infarct

was 1.03.

3.8. Serial CBF measures
Within both ischaemic core and regions of infarct growth there was heterogeneity in the
degree and rate of reperfusion (Figure 5.9, 5.10 and 5.11). In early and late infarct
growth there were regions that reperfused to varying degrees and regions that appear to
suffer a delayed persistent hypoperfusion. This variation is not a reflection of global
changes as demonstrated by the relatively stable contralateral CBF values (Figure 5.5).

By 1 month all ROIs in the infarct growth ROIs demonstrate reduced perfusion.

3.1. Receiver operating characteristic curve analysis
ROC curve analysis for presenting and acute perfusion generated AUCs of 0.69 and
0.70 respectively for predicting final infarct. Performance was better for defining the
presenting ADC lesion at with AUCs of 0.72 and 0.74 respectively. The Youden index
identified an optimum CBF threshold of 26ml/100g/min for final infarct and
24ml/100g/min for presenting ADC lesion regardless of whether acute or all presenting
perfusion data were used. Graphs summarizing the ROC curve analysis of acute

perfusion data can be seen in Figure 5.12.
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Figure S. 10 - Example perfusion dynamics from 3 patients (7, 19 and 53). IC = ischaemic core; IG
= infarct growth; PI = peri-infarct; CONTRAP = mirrored perfusion deficit.
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Figure 5. 11 — Serial perfusion measurements from individual patients arranged by ROI.
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Figure 5. 12 — Top panel: receiver operating characteristics (ROC) curves for predicting presenting
infarct (defined by the ADC lesion) and final infarct using acute CBF. Bottom panel: Youden
analysis using acute perfusion to predict presenting infarct and final infarct. TPR = true positive
rate; FPR = false positive rate; ADC = apparent diffusion coefficient; CBF = cerebral blood flow.

3.2. White matter perfusion
CBF values obtained from white matter ROIs acutely can be seen in Figure 5.13. There
is significant difference in the level of perfusion both between ischaemic and
contralateral ROIs, and between ischaemic core and infarct growth, but the absolute
values are higher than those quoted in the literature for the contralateral “healthy”
hemisphere white matter (15-30ml1/100g/min).*” Examination of the patient level data

revealed that an individual outlier did not drive this.
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Figure 5. 13 - Voxelwise mean CBF in white matter regions of interest in the acute (<6 hours)
presenting scans. IC = ischaemic core; IG = ischaemic growth; CONTRAP = ROI contralateral to
the perfusion deficit. White matter partial volume estimate threshold = 0.5

3.1. Effects of partial volume
The effect of the PVE threshold on CBF quantification can be seen in Figure 5.14.
Although the grey matter PVE threshold was not raised above 0.7, increasing the
threshold to this value does not appear to change the CBF estimates significantly.
Increasing the PVE threshold in white matter brings CBF values closer to, but still

higher than, a level which would be expected in the non-ischaemic white matter."’
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Figure 5. 14 — The effect of different partial volume estimate (PVE) thresholds over time. GM =
grey matter; WM = white matter; CBF = cerebral blood flow.
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4. Discussion

This Chapter demonstrates that multiple PLD VEPCASL can serially measure absolute
grey matter perfusion in stroke patients. Acutely the mean CBF values in patients are
consistent with values derived using preclinical and radioisotope based imaging
techniques.'” '® '*! CBF measured with VEPCASL can distinguish the severity of
ischaemia between tissue of different fate and estimate BAT. However, VEPCASL is
susceptible to motion artefact and only 80% of presenting images were of adequate

quality, compared to 90% in DSC-PWI studies in similar patients.'**

4.1. Non-ischaemic CBF
Grey matter CBF values obtained from healthy volunteers and the contralateral
hemispheres in patients are consistent with those obtained using radioisotopes, such as

15 15 183-186 187, 188
O, and “O water PET, or Xenon clearance.'™”

The normal value of grey
matter CBF is around 40-80ml/100g/min and is known to fall with age and
cerebrovascular disease, which may explain the contralateral variability between

individuals seen in the patient cohort, '8 18

There was no significant variability in the
contralateral hemisphere of patients related to scan time, which might have been
expected if there was significant diaschisis. The between patient variability supports the
use of relative CBF to measure contrast within an individual, but suggests that
comparisons of relative CBF between patients may be less robust. Overall, the
coefficients of variation were less than those for measuring cerebral blood volume using
dynamic susceptibility contrast MRI in healthy volunteers,” and within the

recommended limits for ASL studies (less than 20%)."”

The BATs measured in the ischaemic and contralateral regions of patients also support

the validity of these perfusion measurements. In those voxels where perfusion is
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sufficient to estimate BAT, the distribution is within a time frame where multiple PLD
ASL can reliably measure CBF. Where the measured CBF is too low to assess BAT,
this may represent genuine low flow or flow with a delayed arrival time. However, the
distribution of those voxels that can be measured would suggest that arrival time is not
the limiting factor in the majority. The distribution of arrival times measured provides
justification for the recommendations of the International Society for Magnetic
Resonance in Medicine Perfusion Study Group consensus statement in choosing 2.0s as

an appropriate single post labeling delay for ASL studies in “adult clinical patients”.**

In white matter, the inherently low signal to noise ratio of ASL techniques would be
expected to result in difficulty detecting a contrast between ischaemic and non-
ischaemic tissue.*® However, the issue in this analysis was an overestimation of CBF,
which is likely to be explained by the disproportionate effect that partial volumes of
grey matter will have on white matter measurements, errors of registration, and
misclassification of tissue type.*® Increasing the PVE threshold to define tissue type
improved the mean contralateral white matter CBF measurement to a level more
consistent with normal perfusion, but did not correct it completely. The higher than
expected acute white matter CBF values are likely to reflect measurement error.
Genuinely high perfusion, as part of an acute global compensatory response, is less
likely because the CBF values are sustained for the whole month following stroke onset,

well beyond the natural history of any acute hypertensive response.”"

4.2. Ischaemic CBF
When using the pooled voxel level data acutely, grey matter perfusion was lowest in the
ischaemic core, and in particular in the regions of diffusion lesion pseudonormalization.

This degree of hypoperfusion is consistent with the findings from Chapter 4, which
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suggested that normalization of diffusion characteristics by 24 hours was a marker of
severe ischaemia and tissue death, with rapid progression to vasogenic oedema and
tissue necrosis, rather than tissue level recovery. Early infarct growth ROIs had lower
perfusion than late infarct growth, and both were more hypoperfused than the peri-

infarct tissue.

Perfusion dynamics, such as delayed hypoperfusion at 24 hours, explained infarct
growth or tissue survival in some, but not all patients. Regions of late infarct growth,
apparently escaping infarction at 24 hours, showed delayed or ongoing hypoperfusion
only in a subset of patients. This observation would support the hypothesis that the
tissue injury represented by late infarct growth is not all viable penumbra at 24 hours
that goes on to infarct. It is explained by either a second episode of low perfusion in

some patients and the delayed radiographic appearance of injury in others.

The hypothesis of delayed radiographic appearance of injury, rather than late infarction
of viable tissue is supported by the underestimation of final infarction using the 24 hour
trace DWI documented in Chapter 4, and also the observation of diffusion lesion growth
in patients with proven recanalisation.'”? Pathophysiological processes with a delayed
influence on the T2-weighted signal might explain apparently delayed late infarct
growth despite often normal perfusion. Narrow therapeutic windows for reperfusion
therapies would not support the widespread presence of ischaemic penumbra at 24
hours, and therefore the potential for genuine infarct growth. This may underlie

observations of apparent penumbral “mismatch” tissue well beyond 4.5 hours,” '?* ¢

110, 116, 195-197

which has prompted several imaging based trials, none of which have been

translated into routine clinical practice.
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The optimum CBF threshold for identifying tissue at risk was similar to that in the
published literature.*® '®'"! There is little robust data for the CBF threshold for the
presenting infarction,"”® but it is surprising that in this analysis it was similar to the
tissue at risk CBF threshold. This may be a consequence of reperfusion in regions of
ADC lesion prior to the time of the presenting scan, either as a result of auto-
recanalization or thrombolysis treatment. Alternatively, at the time of presenting
imaging in this study the threshold for infarction may have risen to a similar level to the
threshold for tissue at risk. Given the median onset to scan time of 3 hours this would be
consistent with experimental data.'°® '®® Other explanations would include noise,
delayed signal not being distinguished from low flow, partial volume effects on the
infarct ROIs leading to a higher CBF value in some of these voxels, and partial volume
effects outside the lesions erroneously reducing CBF values in some normally perfused
voxels. Regardless of the explanation, the ROC curve analysis in this Chapter highlights
the challenge of using presenting CBF alone to define tissue state and supports the need

for complementary imaging techniques to improve tissue definition.

At the patient level, a similar pattern of mean acute CBF values was seen to the
voxelwise values, reinforcing a graduated degree of hypoperfusion from ischaemic core
through to apparently less severely ischaemic tissue. However, there is a variation in the
degree of hypoperfusion between patients in the ROIs. Regions with similar degrees of
hypoperfusion have different reperfusion dynamics, but nonetheless have similar fates.
Conversely tissues with different fates can have similar levels of initial hypoperfusion

and reperfusion dynamics.

Knowledge of CBF is clearly not sufficient to predict tissue outcome and other factors

have a role in determining tissue fate. These factors are likely to include prior or
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subsequent fluctuations in perfusion that are not captured by the imaging schedule. In
addition to the degree and duration of ischaemia, the susceptibility of the tissue will

have a role in determining its fate.'®" '

Factors determining susceptibility might
include prior exposure to ischaemia,”” variations in metabolically demanding injurious
processes,” intrinsic differences in regions of the brain,®' and other factors relating to

T . . . 202-204
the individual, such as micro RNA expression or immune responses.

4.3. Limitations
This study is limited in its ability to validate the accurate measurement of CBF using
VEPCASL in stroke patients, as there is no comparator against which to assess it.
However, there is no clinically relevant gold standard and similar values were generated
to those obtained using autoradiographic approaches and preclinical models. The
dropout rate is similar to other studies of acute stroke although the corruption of a
proportion of data secondary to motion is greater than for DSC-PWI and simpler ASL
182, 205

sequences. Dropout rate and missing data may introduce a bias into the results, as

these missing data are more likely to be patients with a poor clinical outcome.

Any ASL study in cerebrovascular disease has inherent limitations. The distinction of
late arriving blood from voxels with truly low CBF is not possible and limited by the
lack of angiographic data. However, using this multiple PLD technique does increase
confidence in CBF values given the distribution of the BATs that appear within
detectable time frames. The lower signal to noise ratio of ASL demands larger voxel
sizes or extended scanning times, but the latter is not practical in acute patient studies.
The larger voxel sizes (approximately 9 times the volume of the DWI voxels)
exacerbate the effects of partial volume, both in terms of defined ROIs, and grey and

white matter differentiation. Changing the PVE thresholds used did not significantly
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alter the grey matter perfusion estimates in this study, but partial volume effects are
likely to contribute to the challenges of measuring white matter CBF using ASL. DSC-
PWI uses intravenous contrast and hence generates greater contrast to noise ratios,

allowing shorter imaging times and smaller voxels to be acquired.

In this Chapter, the relationship of tissue perfusion and tissue outcome has been
explored. However, the analysis is limited by the lack of angiographic data describing
vessel patency at each time point. Such data would enhance the analyses as it would not
only increase confidence in the CBF quantification, but allow the relationship between
recanalization and reperfusion to be explored. The effect of collateral circulation could
also be investigated using the vessel encoding. VEPCASL would allow absolute CBF
values to be measured over time to better explore the mechanisms underlying the

heterogeneity of reperfusion dynamics.

Finally, larger scale studies would allow the exploration of cerebral perfusion using
VEPCASL in subgroups of homogeneous patients to explore the patient factors that

might interact with hypoperfusion in the individual.

5. Conclusions

Multiple PLD VEPCASL is an appealing technique for the investigation of stroke
pathophysiology and can be used to measure serial cerebral perfusion. VEPCASL can
measure differences in absolute CBF within the grey matter of the affected hemisphere
and this analysis has demonstrated degrees of hypoperfusion that correlate with tissue
fate. Although CBF explained some of the tissue fate there was heterogeneity of acute
hypoperfusion and subsequent perfusion dynamics at the level of the individual patients.
This lack of consistency means that knowledge of CBF alone did not predict viability or

risk of infarction with confidence. Other factors play a role in determining tissue
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outcome, which may explain the historical difficulty of selecting patients for treatments

using perfusion-weighted imaging alone.
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Chapter 6: Serial pH-Weighted Imaging In Acute Stroke: Amide
Proton Transfer MRI

1. Introduction

The original concept of the ischaemic penumbra suggested that concurrent imaging of
regional CBF and metabolism would be required to identify tissue at risk that may
benefit from intervention.'® While there have been major technological advances in
acute stroke imaging since this was proposed, the search for robust evidence to support
individual imaging-guided treatment decisions is ongoing (Chapter 2).°% 2 A
contributing factor may be that, aside from PET imaging, the development of metabolic

imaging markers has been limited when compared to the focus on methods to assess

perfusion.

Amide proton transfer (APT) MRI, a chemical exchange saturation transfer (CEST)
imaging technique, can be used to generate a pH-weighted signal through the
assessment of the base-catalysed and, hence, pH-dependent transfer of protons between
intracellular amide groups and water (Chapter 1).°” It has been proposed that pH-
weighted imaging may improve the delineation of tissue at risk by separating benign

. . . . . 20
oligaemia from an acidotic ischaemic penumbra.*’’

1.1. pH changes in ischaemia
The majority of research into cerebral acid-base physiology has been in the preclinical
setting. In these models the normal intracellular pH is around 7.0 — 7.25, depending on
the technique used,'®* ****'" with significant buffering by protein and phosphate to

212,213
L7

maintain pH at a constant leve In ischaemia both acidosis and alkalosis have

been described depending on the nature of the metabolic disturbance.
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1.1.1. Acidosis
During ischaemia, intracellular generation of protons, and therefore acidosis, occurs
predominantly as a result of ATP hydrolysis, although there are also contributions from

16 Under normal

carbon dioxide production and incomplete oxidation of fuels.
conditions the proton concentration is maintained by synthesis of new ATP molecules,
but imbalance of ATP utilization and synthesis leads to disruption of intracellular pH.
At CBF levels of around 20ml/100g/min, energy reserves are no longer sufficient to
maintain ATP and anaerobic glycolysis is required. Anaerobic glycolysis itself does not
generate net hydrogen ions, only lactate, but the concomitant ATP hydrolysis leads to a

lactic acidosis (Figure 6.1).'%2"*

1

B | o [+

“'M'\r-

Figure 6. 1 - Anaerobic glycolysis. ADP = adenosine diphosphate, ATP = adenosine triphosphate,
NAD+/NADH = nicotinamide adenine dinucleotide, Pi = inorganic phosphate.

NAD* NAD*

The theoretical maximum pH change under physiologically reproducible conditions of
ischaemia and hyperglycaemia is 0.9 pH units and experimental evidence supports this
assertion, although the absolute values measured depend on the technique and model
used. 0% 208211, 213.215. 216 froperolycaemia drives acidosis in ischaemia by provision of

the substrate for anaerobic glycolysis. In the context of hyperglycaemia, lactate is
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higher in experimental models of cerebral ischaemia,”'” and this correlates with poorer
outcome of the tissue in patients.”* Physiological variables that affect the response of
intracellular pH to ischaemia include hypoglycaemia and hypothermia, both of which
moderate the degree of acidosis.”'” *'® Acidosis progresses over the duration of
ischaemia and has been observed as soon as 15 minutes following the onset of

. 217,21
hypoperfusion.*'” "

Acutely, acidosis is an appealing biomarker of ischaemic metabolic stress and tissue at
risk because it correlates well with the severity of hypoperfusion in controlled

164 . . . 1 .
and occurs before irreversible injury.'”” As such it has been

experimental models,
hypothesised that pH-weighted imaging could add complementary information to
perfusion- and diffusion-weighted imaging.””” Pre-clinical studies using pH-weighted
imaging from APT MRI have supported the potential of acidosis as a biomarker of the

. . 220-222
ischaemic penumbra.

In these models of focal cerebral ischaemia acidosis predicts
final infarction and appears to allow discrimination of penumbral tissue from benign

. s 222
oligaemia.

1.1.2. Alkalosis
In experimental models alkalosis has been observed following transient cerebral
ischaemia.”®® #'% 222 Ag CBF drops to levels where there is insufficient metabolic
substrate for oxidative phosphorylation, ATP levels are maintained by phosphocreatine

reserves, PCr, and the creatine phosphokinase reaction:
PCr + ADP + H* & ATP + Cr

This reaction reduces the concentration of hydrogen ions and hence raises the

16, 164

intracellular pH. Following the extrusion of protons from the cell and buffering
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during acidosis, restitution of ATP levels and the utilisation of the remaining protons
(via creatine phosphokinase, adenylate cyclase and oxidative phosphorylation
pathways) may also result in an intracellular alkalosis. This is supported by the
observation that alkalosis occurs following transient ischaemia,”'” and only in tissue that
has been sufficiently ischaemic to produce lactate.”®® Recovery of ATP levels and
alkalosis does not necessarily result in tissue survival, but is observed in tissue that goes

225

on to infarct.” Delayed alkalosis has also been observed following chronic cerebral

ischaemia (24 to 72 hours) and this is associated with delayed neuronal injury in these

223,224
models.” ™

1.2. Mechanism of injury
Direct injury of cells, secondary to intracellular acidosis and in the absence of
ischaemia, depends on the degree and duration of acidosis: neurons and glia with an
intracellular pH of 3.5 will die after 10 minutes, but a pH of 6.5 is sufficient to kill cells
after 6 hours.””*** Direct effects of intracellular acidosis on protein structure are
thought to mediate cellular injury and resemble the histological changes observed

228,230

during ischaemia. The degree of acidosis that can cause direct injury requires both

hyperglycaemia and complete ischaemia, and therefore acidosis is unlikely to be the

primary mechanism to mediate cellular injury following ischaemia in most patients.*”’

Acidosis may exacerbate ischaemic injury at less severe degrees of acidosis than are

required for direct injury by the activation of acid-sensing ion channels and the influx of

231-233

calcium into cells. Inhibition of such processes has been suggested as a

235

neuroprotective target.”>* For this reason, intracellular acidosis following

bioenergetic failure may not only be a biomarker of metabolic stress, but also provide a

therapeutic target.>>***
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In contrast, it is not clear whether alkalosis has a causal relationship with delayed
cellular injury or is just a biomarker associated with it. Alkalosis has been observed in
glial cells the context of cortical spreading depression without ischaemia.'’” >
Alkalosis correlates with the degree of electrical activity, and although the mechanisms

and implications are not well understood the contribution of spreading depolarizations

to neuronal injury may explain the association of alkalosis with delayed ischaemic

injury'236, 237
1.3. Clinical studies

Magnetic resonance spectroscopy (MRS) has been used to investigate the metabolism of
human stroke within single voxels. Phosphorus MRS allows pH and concentrations of
high energy phosphate to be measured in stroke, although without spatial resolution.””
28 Within the first 24 hours, acidosis has been observed within the ischaemic
hemisphere, and is associated with a reduction in ATP and rise in phosphate.” This
acidosis normalised over the first few days. At later time points following stroke onset

(chronic ischaemia, 3 to 14 days) alkalosis has been measured with reductions in both

phosphocreatine and ATP concentrations.>®

Hydrogen MRS has been used to measure lactate in stroke using a multivoxel technique

92.9% T actate, which is not detected in

and with some spatial resolution (lcm® voxels).
health, has been measured both before and after the appearance of DWI changes

although its relationship with pH has not always been clear in the experimental

setting.>"”

Whilst MRS does not provide the clinically meaningful spatial resolution called for by
Astrup et al.,'® the chemical exchange saturation technique, APT MRI does give

metabolic information with spatial resolution similar to perfusion imaging techniques.®’
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pH-weighted imaging using amide proton transfer has been developed for use in acute
stroke and has demonstrated a contrast in signal between ischaemic and healthy
tissue.”” > However, in these studies the degree of metabolic disturbance and the

association with tissue outcome has not been demonstrated.

1.4. Aims
In this Chapter, the model-based APT ratio (APTR*)’*®7 was used to quantify the
dynamics of pH-weighted signal within the first 24 hours. The potential of using pH-
weighted imaging as a metabolic biomarker in acute human stroke was explored at a

tissue and patient level.

The aims of this Chapter were:

In health, to determine the repeatability of pH-weighted imaging between

individuals and within individuals over time;

* To investigate the pattern of pH-weighted signal within the ischaemic

hemisphere regions of interest;

* To investigate the temporal dynamics of the pH-weighted signal within regions

of interest;

* To explore the additive value pH-weighted imaging may be able to provide as a

metabolic biomarker.
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2. Methods

2.1. Healthy volunteers, patients and data quality
Six healthy volunteers underwent four repeated CEST image acquisitions at 3 time
points as described in Chapter 3. All patients recruited into the large volume imaging
protocol were included in the qualitative assessment of patient data integrity. Patients
were included in quantitative analyses if there was non-corrupt CEST data available and

there were the required lesions with which to define the ROIs.

All images were inspected by a clinician (GH) and assessed for quality. Images were
judged to be of good quality if there was an absence of artefact or significant

uncorrected motion.

2.2. Image acquisition
pH-weighted images were acquired by estimating APT effect using single-slice CEST
echo planar imaging (TR = 5000ms, TE = 28ms, voxel size = 3.0x3.0x5.0mm up to and
including patient 12; TR = 5000ms, TE = 23ms, voxel size = 3.4x3.4x5.0mm from
patient 13 onwards) localized to the lesion on DWI. The CEST preparation consisted of
a 2s train of 50 Gaussian pulses (flip angle=184°, power= 0.55uT, duration=20ms,
delay time=20ms) over 32 frequency offsets with a sampling schedule from -4.5 to

%240 Up to and including patient 12 had an evenly distributed sampling

4.5ppm.
schedule (-4.5ppm to 4.5ppm with increments of 0.3ppm, and 300ppm). From patient
13 onwards an optimized sampling schedule was used with data collection focussed on
the region of the z-spectrum relating to the APT effect (-300, -50, -30, -4.1, -3.8, -3.5, -
3.2,-2.9,-0.9,-0.6,-0.3,0,0.3,0.6,0.9,2.9,3.1,3.2,3.3,3.4,34,3.5,3.5,3.6,3.6,3.7,

3.8,3.9,4.1, 30, 50, 300ppm). Total acquisition time was 2 minutes 45 seconds.
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2.3. APTR*
APTR* is a metric combining the effect of amide-proton exchange rate, which is
directly related to pH, and concentration of amide-bearing molecules. Low APTR*
values represent intracellular acidosis. APTR* does not rely upon data from saturation
frequencies on the opposite site of the water resonance as a reference unlike
conventional APTR, avoiding changes that might occur in ischaemia unrelated to pH,
such as By inhomogeneity.”” APTR* is more homogenous than APTR in healthy
subjects, and in acute stroke patients is optimized to produce better contrast-to-noise

. . . . 96
ratio between ischaemic and normal tissue.

APTR* is derived from model-based analysis of the APT z-spectrum and controls
for the effects of By inhomogeneity, T1 and T2. APTR* is calculated using the fitted
model parameters from a 3-pool exchange model:

Sw(3.5ppm) — Sy+4(3.5ppm)

APTR* =
MWO

Where S refers to the simulated signal at 3.5 ppm using the fitted model parameters,
subscripts w and w+a refer to water pool and both water and amide pools, and My, is
the fitted unsaturated signal. The 3-pool exchange model used for the data fitting was
water, amide and asymmetry magnetization transfer. The third pool represents a
combination of the saturation effect observed at the negative frequency offsets and the

conventional magnetization transfer.”” *®

2.4. Image processing
Perfusion images were processed using a nonlinear fit to the general ASL kinetic model

for all voxels within a brain mask to quantify CBF as described in Chapter 5.7 '"®
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Within and between scan registrations of image volumes was by means of rigid body

and non-linear registration respectively as described in Chapter 4."" 1%

CEST imaging was retrospectively motion corrected using the in-built MATLAB tool
before pH-weighted signal was quantified using APTR*.”>°" The unprocessed CEST
image was registered to the corresponding structural T1-weighted image slice, to which
it was aligned at time of acquisition, using the 2D registration schedule within FSL."'
Accuracy of registration was checked by a clinician (GH). The registration matrix was

inverted, and the masks and image slices were registered from structural to CEST image

space.

2.5. Regions of interest
Volunteer and patient regions of interest (ROIs) used in this analysis are described in
Chapters 3 and 4. The specific patient ROIs used in this analysis are ischaemic core,
early and late infarct growth, radiographic recovery, diffusion lesion
pseudonormalization, and oligaemic regions. Oligaemic regions are those within the
presenting perfusion deficit (as defined in Chapter 5) that survive. Whichever was larger
of the contralateral perfusion deficit and contralateral final infarct was used as the

contralateral ROI.

Grey and white matter partial volume estimates were generated from the T1-weighted
structural image and the appropriate slice selected.'*® Masks were translated from native
image space to the presenting structural image before registration into CEST image
space. These masks were then thresholded and composite masks were generated

according to the definitions outlined in Chapter 3 and 4.
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2.6. Data extraction and analysis
Absolute APTR* was extracted from the healthy volunteer and contralateral patient
ROIs to determine the variability of the normal signal within and between individuals.
Repeatability was quantified using the coefficient of variation (standard deviation +
mean). Relative APTR* was used as the pH-weighted signal in the ischaemic
hemisphere rather than absolute APTR* to minimise the effect of individual variability
on the results.”® Voxel-wise analysis used the pooled weighted mean of acute relative
APTR* within each ROI mask. Patient level data were also extracted and presented for
each ROI with the associated confidence estimates. Serial data were extracted over the
first 24 hours to estimate the dynamics of relative APTR*. Statistical tests used were
unpaired t-tests for direct comparison between the means in the ROIs and ANOVA for

multiple ROI comparisons.

Perfusion data were registered to CEST image space for data extraction. CBF values
were extracted within a grey matter mask. For investigation of the effect of reperfusion
on pH-weighted signal patients were designated as reperfusing if the CBF in the
ischaemic ROI was greater than 25ml/100g/min by 24 hours (threshold obtained from

Chapter 5).

3. Results

3.1. Patient details and data quality
The patient details and demographics can be seen in Table 6.1. 32 patients were
prospectively enrolled in this study and underwent CEST imaging, of which 2 had no
identifiable lesion on the presenting DWI and transient neurological symptoms so were
excluded from further analysis. The artefacts observed were most commonly due to

motion (in particular through plane motion, which cannot be corrected retrospectively),
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but also included significant partial volume contamination where the selected slice was
juxtaposed to a fissure, and fat ringing. This latter artefact was minimized in patient 16
onwards by use of water excitation rather than fat suppression in the CEST pulse

sequence.
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7 L F 86 | 27 | N 03:09 G G G
9 L F 88 | 25 | N 02:15 B B N
10 R F 94 [ 15 [ N 03:20 B B B
12 R F 70 | 19 [ v 02:20 B N N
13 L F 81 | 21 | N 03:25 G G G
15 R M | 50 6 Y 03:49 B B B
16 L M [ 95 [ 19 ] Y 04:14 G G N
17 L F 91 | 10 | N 04:53 G G G
18 L F 53 | 13 Y 02:48 G G B
19 R M | 57 7 N 01:43 G G G
20 R M | 86 2 N 01:46 G G G
23 R F 92 [ 25 [ N 02:32 B B B
25 L F 68 | 23 Y 01:00 B N B
27 R F 80 | 14 | Y 09:50 G N G
30 L M | 80 3 N 11:06 G N B
33 L F 76 | 10 | Y 02:40 G G N
34 L F 78 | 9 Y 02:50 G G G
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41 L M | 71 8 Y 14:36 G N G
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Good| 21 | 13 | 15
Bad| 9 6 7
Total| 30 | 19 | 22
Proportion discarded| 30% | 32% | 32%

Table 6. 1 - Demographic data and scan quality. G = good quality, B = bad quality, N = data
unavailable, NIHSS = National Institute for Health Stroke Scale
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Representative APTR* images can be seen in Figure 6.2.

Patient 05

Patient 16 Patient 13 Patient 07

Patient 18

FU FLAIR

Figure 6. 2 - Representative data from 5 patients. ADC = apparent diffusion coefficient; CBF =
cerebral blood flow (scale = ml/100g/min); APTR* = model-based amide proton transfer ratio; FU
FLAIR = follow up T2-weighted FLAIR imaging. Adapted from Harston et al. 2015.*"'
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3.2. pH-weighted signal in healthy volunteers
All APTR* images in the healthy volunteers were of sufficient quality for inclusion in
the analysis. Within the healthy volunteers there was a coefficient of variation between
scans 24 hours apart of 6.1%, and between different volunteers it was 5.0%. Two-way
ANOVA of the absolute APTR* data demonstrated a significant variation between

volunteers (p = 0.002), but not between time points (p = 0.3). Data are presented in

Figure 6.3.
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Figure 6. 3 - Normal modified amide proton transfer ratio (APTR¥*) variation seen within and
between individuals

There was a small but statistically significant difference between grey and white matter

APTR* values (Table 6.2).

Mean Paired t-
Mean SD difference test (GM,
(GM - WM) WM)
All tissue 0.0169 0.00108
GM 0.0168 0.00106
-2.1% 0.002
WM 0.0172 0.00118

Table 6. 2 — Mean model-based amide proton transfer ratio (APTRY) in grey matter (GM) and
white matter (WM)
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3.3. pH-weighted signal in the contralateral hemispheres of patients
In the contralateral ROIs of patients the absolute APTR* coefficient of variation
between subjects was 8.0%. Within subject variability between presenting and 24 hour
scan times had a coefficient of variation of 9.9%. There was no significant variation in
contralateral APTR* between patients or scan times (two-way ANOVA,p=0.4andp =

0.4).

3.4. pH-weighted signal in the ischaemic hemisphere of patients
Acutely, tissue in the ischaemic core, infarct growth and oligaemic ROIs all
demonstrated a reduced weighted mean APTR* (acidosis) relative to the contralateral
hemisphere (Figure 6.4, left panel). Ischaemic core tissue has the lowest relative APTR*
value (mean + SD = 0.87 £ 0.20, n = 382) followed by infarct growth (0.93 + 0.25, n =
875) and then oligaemia (0.98 £ 0.19, n = 1087). These varied significantly (ANOVA, p
< 0.0001, individual t-test <0.0001 for each comparison). There was no difference in

relative APTR* between early and late infarct growth (p = 0.6).
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Figure 6. 4 - Left: voxelwise mean relative amide proton transfer ratio (APTR*, error bar = 95%
confidence interval) in regions of interest (ROI). Right: patient level APTR* data (error bar =
standard deviation). IC = ischaemic core; IG = infarct growth; EIG = early IG; LIG = late IG;

OLIG = oligaemic tissue. **** = p<0.0001, ns = not significant (ANOVA).

At a patient level the mean values in the ROIs demonstrated a similar pattern, but the
differences failed to reach statistical significance (ANOVA, p = 0.07). Within each ROI
there was a range of relative APTR* values with considerable overlap between ROIs

(Figure 6.4, right panel).

Using pooled voxel data, within the ischaemic core there was no difference in the
relative APTR* between radiographic recovery (0.81 £ 0.26, n = 35) and the ischaemic
core (p = 0.1), but there was a significant difference between the tissue of diffusion
lesion pseudonormalization (0.80 + 0.12, n = 60) and the ischaemic core as a whole,
with diffusion lesion pseudonormalization having a lower relative APTR* and hence a

more acidotic signal (p = 0.02) (Figure 6.5).
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3.5. Contrast-to-noise
The weighted mean acute contrast-to-noise ratio (CNR) for APTR* within the final

infarct was 0.43.

1.05+

1 T T Iy

0.95+

0.90+

rAPTR*

Figure 6. 5 - Voxelwise mean relative amide proton transfer ratio (APTR¥*, error bar = 95%
confidence interval) in regions of interest within the presenting ADC lesion. IC = ischaemic core;
RR =radiographic reversal; DLP = diffusion lesion pseudonormalization.

3.6. pH-weighted signal in the ischaemic grey and white matter
Grey and white matter responses to ischaemia follow a similar pattern to each other,
although the values in white matter are lower than in grey matter in ischaemic core and
oligaemic ROIs (p = 0.008 and 0.007 respectively) (Figure 6.6). The reduced number of
voxels in this analysis generated wider confidence intervals than the combined data,

which made it difficult to estimate early and late infarct growth values with accuracy.
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Figure 6. 6 — Voxelwise mean relative amide proton transfer ratio (APTR*) in ROIs restricted to
grey and white matter. IC = ischaemic core; IG = infarct growth; EIG = early IG; LIG = late IG;
OLIG = oligaemic tissue.

3.7. Cerebral blood flow
The pooled mean CBF in the same 2D ROIs used for APTR* analysis, but restricted to
the grey matter can be seen in Figure 6.7. The CBF differs significantly between
ischaemic core and infarct growth (p = 0.01), but is lower in oligaemic tissue than in the

infarct growth ROIs.
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Figure 6. 7 — Voxelwise grey matter cerebral blood flow (CBF, error bars = 95% confidence
interval). ). IC = ischaemic core; IG = infarct growth; EIG = early IG; LIG = late IG; OLIG =
oligaemic tissue; CONTRA = contralateral ROI.

3.8. Serial pH-weighted imaging analysis
Serial data within individual patient ROIs can be seen in Figure 6.8. There is a marked
heterogeneity of relative APTR* dynamics over time in all ROIs. Within the ischemic
core the majority of relative APTR* values remain low until at least the 24 hour scan
time. There is one exception (patient 19), who had a transient alkalosis at the 2 hour
scan. This patient had also had an unusual clinical presentation: he presented with stable
mild symptoms, but deteriorated clinically between the 2 and 24 hour scan times
(NIHSS: 2 at presentation, 2 at +2 hour scan, 10 at 24 hour scan). Tissue within the
early infarct growth ROIs demonstrates a similar distribution of relative APTR*
dynamics to ischaemic core, but with a less severely acidotic signal. Within the late
infarct growth ROIs there are several patients who demonstrate elevated APTR*
(alkalotic signal) both early and at 24 hours. Oligaemic tissue has predominantly normal

relative APTR* over time with a few of individuals who have abnormal relative APTR*
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early, all of which normalize by 24 hours. Attempts to categorize the patients by

reperfusion status did not explain the dynamics of the relative APTR* signal (Figure

6.9).
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Figure 6. 8— Serial relative amide proton transfer ratio (APTR*, error bars = 95% confidence
intervals) over time in individual patients divided into regions of interest.
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Figure 6. 9 - Serial relative amide proton transfer ratio (APTR*, error bars = 95% confidence
intervals) over time in individual patients divided into tissue that survives (oligaemic) and tissue
that infarcts (final infarct). Green lines = reperfusion, red lines = no reperfusion, black lines =
reperfusion status unknown.
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4. Discussion

These data establish the proof of principle that pH-weighted imaging can provide
complementary metabolic information in the context of acute ischaemic stroke. This
Chapter builds on previous work to optimise the generation of a pH-weighted signal to
show that intracellular pH at presentation is significantly associated with final tissue

96, 239, 242, 243
outcome.”” 7 77

pH-weighted imaging provides complementary information to
existing perfusion and DWI sequences in a clinical setting and the dynamics of this

metabolic biomarker may give insight into the pathophysiology of acute stroke.

4.1. Repeatability
The data from healthy volunteers and contralateral hemispheres of patients show that
APTR* gives repeatable values within individuals with a variation at least as good as
CBF (Chapter 5). Although the variation in APTR* seen between the contralateral
hemisphere of patients is greater than between healthy volunteers, it is still comparable
to CBF variations. The increased variability in patients may be due to the influence of
partial volume effects at the surface of the brain secondary to a greater degree of
atrophy in the patient cohort. APTR* is particularly sensitive to effects of partial

volume because of the low amide concentration in cerebrospinal fluid.

Despite the relatively good repeatability of absolute APTR* within and between
patients the low CNR made relative APTR* preferable for pooled analysis and
comparisons over time. Although the contralateral hemisphere can exhibit abnormal
blood flow (diaschisis) following stroke this is not thought to be pathological and no

. . . 244246
evidence of this was seen in Chapter 5.

Therefore, diaschisis is unlikely to cause
the critical metabolic disruption required to produce an abnormal pH in the contralateral

hemisphere.
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4.2. Ischaemia
The acute data show a biologically plausible signal of intracellular acidosis associated
with final tissue outcome. The ischaemic core is more acidotic than tissue that is
subsequently recruited to the final infarct. Tissue within the oligaemic ROI that
ultimately does not infarct is significantly less acidotic than either ischaemic core or
infarct growth. Interestingly, between early and late infarct growth there was no
difference in mean relative APTR*, supporting the hypothesis that the injury that
becomes apparent after 24 hours is due to radiographic insensitivity of trace DWI at 24
hours to infarction, rather than the presence of persisting ischaemic penumbra at this

time point.

pH-weighted MRI provides an insight into ADC lesion reversal, which has variously
been reported at 0 to 83% of the presenting ADC lesion.'** Within the ADC lesion there
were few voxels that were defined as radiographic reversal (i.e. genuine recovery) and
so confident estimation of the signal in these ROIs was not possible. However, regions
of diffusion lesion pseudonormalization demonstrated a more severe acidosis than the
ischaemic core as a whole. This supports the observation of lower perfusion in this
region (Chapter 5) and suggests a more severe metabolic stress that leads to early
necrosis and cell lysis, vasogenic oedema, and the resulting reduction in barriers to
diffusion by 24 hours.'"" This would corroborate the PET imaging finding that there is
heterogeneity of metabolism within the ADC lesion and that this appears to be linked to

ADC reversal.’’

There is variability in the degree of APTR* abnormality in ROIs at the level of the
individual patient, comparable to that seen with measures of CBF. There are several

explanations for this. Firstly, the variety of pathophysiological processes that mediate
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cell death may have different metabolic effects, but share the same ultimate
radiographic fate. Secondly, the ROIs within individuals may have different responses
to ischaemia or resilience to metabolic disturbance. Finally, noise at the level of the
individual may explain some of the variation especially when the ROIs contain few
voxels. The variability in the ischaemic regions makes the use of pH-weighted imaging
alone to define tissue state unrealistic, but rather supports its integration with other

imaging modalities in the investigation of stroke pathophysiology.

Comparison of relative APTR* with CBF in the ROIs supports the additive role of pH-
weighted imaging as a metabolic biomarker. Whilst ischaemic core is both less well
perfused and more acidotic than infarct growth, it is APTR* and not CBF that
distinguishes viable from non-viable tissue within the perfusion deficit. This
comparison does adversely penalise the ability of CBF to distinguish this tissue
(oligaemic tissue by definition has low CBF and some of the infarct growth voxels may
have early reperfusion), but nonetheless it highlights the potential value of using a
metabolic biomarker in addition to perfusion data. Furthermore, for tissue where CBF is
difficult to measure reliably, i.e. white matter, pH-weighted imaging can provide useful

. . . 82, 86
information about tissue fate.””

In healthy volunteers it was confirmed that there is little difference between healthy
grey and white matter APTR* values,”® and importantly the data in patients showed that
there was a similar pattern of pH-weighted signal responses to ischaemia. Grey matter
and white matter have different constituent cells and metabolism, which would explain

the slightly different magnitudes of response in different ROIs.
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4.3. Dynamic pH-weighted signal changes
The serial measurements of relative APTR* in individuals reflected the heterogeneity
and graduated severity of acidosis seen in the acute data, but also showed several
temporal patterns that are worth examining. The ischaemic core ROIs were
predominantly acidotic acutely, with a heterogeneous response by 24 hours. Given that
this tissue was infarcted at presentation the subsequent metabolic pattern would not
have affected the outcome. The severe and persistent acidosis in many of the ischaemic

core ROIs is consistent with ATP hydrolysis following energy failure in cells.

Infarct growth ROIs were less severely acidotic acutely than infarct core, and the
majority of regions demonstrated disrupted metabolism, either an acidosis or an
alkalosis, at 24 hours. Whether this was an acidosis or alkalosis was associated with the
timing of appearance of radiographic injury, i.e. early or late infarct growth. Late infarct
growth ROIs tended to be alkalotic at 24 hours and were often also alkalotic at the 2
hour imaging time. In contrast, early infarct growth regions were more commonly
acidotic over the 24 hours. This difference in pH dynamics is likely to reflect different
pathophysiological mechanisms of tissue injury, which underlie the different timings of
infarction defined on conventional imaging. The association of alkalosis with delayed
appearance of tissue injury is consistent with the preclinical data that showed alkalosis
in tissue that was less severely ischaemic than infarct core, but nonetheless went on to

infarct.?®

The oligaemic ROIs were either of normal pH or acidotic acutely, and all had normal
pH-weighted signal by 24 hours, demonstrating recovery of metabolism in tissue that
survives. Oligaemic ROIs represent both benign oligaemia and ischaemic penumbra.

ROIs consisting of predominantly benign oligaemia may explain those regions showing
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persistently normal metabolism over 24 hours, and those consisting of salvaged
penumbra may explain the regions with abnormal metabolism acutely that recovers by

24 hours.

The effect of reperfusion on pH-weighted signal dynamics is not clear from these data.
Categorizing patients by reperfusion status does not reliably bring out any patterns. This
may be due to a combination of the dynamic nature of perfusion, and different perfusion
thresholds and mechanisms of injury in different tissues. Reperfusion may even
exacerbate injury and metabolic stress in some instances.”' Finally, the heterogeneity of
perfusion dynamics demonstrated in Chapter 5 means that creating binary groups
according to reperfusion status is probably an oversimplification of the pathology of

stroke.

4.4. Limitations
pH-weighted imaging does not require contrast (e.g. gadolinium) or exogenous stimulus
(e.g. inhaled gases), can derive a signal from both grey and white matter, and appears to
add a metabolic dimension to conventional MRI techniques. However, further work is

required to develop this technique and explore its interpretation.

The sequence used in this study generates a single slice image, but 3D sequences would
allow extensive investigation of the signal in different tissues remote from the plane of
the diffusion lesion. 3D imaging would improve image registration, and would be a
prerequisite for clinical use. Developing the sequence and postprocessing techniques
might improve the signal to noise ratio, allowing smaller voxels and therefore fewer
artefacts from the effects of partial volume. Like other MRI techniques the CEST

sequence is susceptible to motion. Although these artefacts could be corrected post hoc
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if a 3D sequence were employed, a prospective motion correction strategy would be

preferable.

pH-weighted imaging generates a relatively low ischaemic contrast-to-noise ratio
compared to CBF, similar in magnitude to the variability between scan times and
patients. For this reason a relative pH-weighted signal was used in this analysis, but if
noise could be reduced then absolute APTR* could be used for comparison. This would
be of use in defining regions by pH-weighted signal at presentation rather than defining
ROIs using other modalities. Additionally, better understanding of certain physiological
parameters (e.g. amide proton concentration) would mean that an absolute pH value
could be generated from the APTR* value.”® This would allow comparison with
preclinical models that use invasive measures of pH, and improved definition of the

physiological processes that the pH-weighted signal is identifying.

In this analysis the variations in the rate of APT were assumed to be predominantly due
to differences in pH. Care was taken to interpret the signal under conditions where this
assumption is likely to hold true (i.e. acutely after ischaemic onset and using APTR* as
a quantification metric).””®” However, at later time points the assumption that APTR*
is solely pH dependent becomes less valid. T1 and T2 effects are likely to increasingly
influence APTR* despite the modeling, and the concentration of amide may change
(although this is known to be constant in the first few hours following ischaemia).®’
Future, larger studies will allow the interaction of the pH-weighted signal with
physiological (e.g. glucose, temperature), treatment, and imaging (e.g. perfusion

dynamics) parameters to be investigated.
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S. Conclusions

Measuring amide proton transfer allows the exploration of serial pH-weighted signal in
acute stroke within different tissue types. pH-weighted imaging may have a role in
improving the imaging definition of ischaemic penumbra, and may also be useful in
understanding regional vulnerability and secondary injury, addressing an unmet need of

MRI biomarkers in acute stroke.?’

In addition, given that pH is a physiological
parameter that can be manipulated, pH-weighted imaging has the potential to meet the
criteria of a Treatment-Relevant Acute Imaging Target.”® These data strongly support
the further investigation of pH-weighted imaging in patients with acute ischaemic
stroke. pH-weighted imaging may fulfil the criteria of a clinically pragmatic metabolic

imaging biomarker to complement perfusion imaging in the identification of the

ischaemic penumbra.
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Chapter 7: Summary and Conclusions

The broad aim of this thesis was to investigate the pathophysiology of acute ischaemic
stroke using serial MRI measurements in a cohort of patients. A combination of
structural, perfusion and metabolic MRI biomarkers were used to rigorously

characterize the pathophysiological processes at a tissue level over time.

1. Summary

In Chapter 2, studies using imaging biomarkers in acute stroke trials were
systematically reviewed to determine the state of imaging biomarkers and what insight
they have provided in the past. It was shown that there has been varied and inconsistent
use of imaging modality, timing, thresholds, and definitions, when using imaging
biomarkers as treatment modifiers or to assess efficacy. No imaging biomarker has
consistently been shown to select patients that might benefit from intervention in
randomized trials, leaving time from onset as the only consistent treatment modifier
used in clinical practice.”” When penumbral biomarkers have been used to select
patients, perfusion imaging alone has been used to identify the tissue at risk threshold,

without reference to metabolism as originally called for by Astrup et al.'®

In Chapter 4 the framework within which imaging biomarkers would be assessed was
developed. Optimum methodology for defining infarction was determined and the
timing of the appearance of infarction was explored using conventional MRI
techniques. ROIs were defined to interpret the serial data in the subsequent Chapters.
Using these ROIs the natural history of the diffusion-weighted imaging signal,
specifically ADC, was interrogated. It was shown that diffusion signal changes at
different times reflect different processes. Normalization of ADC at 24 hours was

shown to be a pseudonormalization rather than tissue recovery. In Chapter 5 and 6 this
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diffusion lesion pseudonormalization ROI was shown to be more severely hypoperfused
and more acidotic acutely, thus likely to represent more severe ischaemia than the
remainder of the ischaemic core. Other ROIs defined in this Chapter included early and
late infarct growth. It was shown that trace DWI at 24 hours does not represent the final

infarction and that approximately half of the total infarct growth occurs after 24 hours.

In Chapter 5, CBF was measured using multiple post labeling delay (PLD) vessel-
encoded pseudocontinuous arterial spin labeling (VEPCASL). This perfusion imaging
technique allowed serial measures of CBF to be taken and the arrival times of the blood
to be calculated. Calculating the arrival time of blood supported the validity of using
ASL to measure perfusion in stroke and provided evidence for the use of a 2.0s single
post labeling delay in imaging patients.** Acutely, the degree of hypoperfusion
correlated with the severity of ischaemic injury. However, the subsequent dynamics of
perfusion were heterogeneous, and tissue fate within individuals could not be explained

by CBF dynamics alone.

In Chapter 6, the use of pH-weighted imaging, using amide proton transfer, was
explored. Acutely, pH-weighted imaging demonstrated a biologically plausible
graduated intracellular acidosis across ROIs, and unlike CBF there was a consistent
signal in both grey and white matter. The observed acidosis reflected preclinical data
and clinical MRI spectroscopy studies that have demonstrated an acidosis acutely
following ischaemia. The serial pH-weighted signal also provided an insight into the
pathophysiology of the different ROIs. The ischaemic core was most severely acidotic
acutely, which often persisted at 24 hours. Infarct growth was less severely acidotic
acutely and tended to be either alkalotic or acidotic at 24 hours. Subdividing infarct

growth into early and late showed that late infarct growth ROIs were often alkalotic,

151



particularly at 24 hours. This is consistent with preclinical data that has shown an
association of delayed injury with intracellular alkalosis.”*>*****’ Oligaemic tissue, that
by definition survives, consistently had normal pH, and by inference metabolism, at 24

hours even if there had been an acidosis acutely.

2. General considerations

2.1. MRI biomarkers in acute stroke
As discussed in Chapter 1, imaging biomarkers can be used either as a research tool to
investigate pathophysiology, identify treatment targets and assess efficacy in proof of
principle studies, or as a clinical tool to guide treatment decisions, inform prognosis and
assess efficacy of interventions. This thesis shows that serial MRI has the potential to
provide a wealth of biological information, non-invasively, regarding the physical and
biological properties of the brain following acute stroke. Specifically, the results
support the use of serial, multimodal image acquisition to interrogate the

pathophysiological processes and add dimensions to the assessment of tissue state.

2.1.1. Penumbral imaging
pH-weighted imaging can provide a metabolic perspective to complement perfusion and
diffusion-weighted imaging. Such an approach resonates with the original definition of
the ischaemic penumbra,'® and these results should encourage the development of other
metabolically derived signals in stroke imaging research. Perfusion imaging at a single
time point provides a snapshot of a dynamic process and it is inherently limited without
insight into the preceding severity and duration of hypoperfusion. Even with serial data
perfusion is not sufficient to explain tissue outcome. Metabolic imaging may add to
perfusion imaging by providing information about the ischaemic stress a region of

tissue has experienced, reflecting the accrued metabolic stress of the cells. For example,
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severely hypoperfused tissue with normal metabolism might reflect tissue with a brief
reversible ischaemia, whereas mildly hypoperfused tissue with severe metabolic
disruption may represent tissue with prolonged ischaemia that is less likely to recover.
Metabolic imaging may also identify delayed injurious processes (for example by
finding alkalotic regions), identifying treatment targets amenable to intervention beyond
the acute time point. The findings in this thesis would suggest that metabolic imaging
may improve definition of ischaemic penumbra acutely, and highlight ongoing injury

that might be amenable to intervention.

2.1.2. Infarct definition
Metabolic imaging could refine the definition of the ischaemic core. In Chapter 4, some
of the limitations of diffusion-weighted imaging are identified. Diffusion changes
represent distinct biological processes at different time points, and even within the same
patient diffusion characteristics can have different implications in remote regions. In
common with some other studies the results do not support the presence of clinically

significant volumes of brain with restricted diffusion that can survive.''"'®

However,
the results do challenge whether restricted diffusion, with or without T2-weighted signal
change (i.e. trace DWI), is sufficient to define infarction. The apparent infarct growth of
the trace DWI lesion beyond 24 hours may reflect either ongoing injurious processes or
a delayed appearance of radiographic injury even at 24 hours. Whilst DWI techniques
appear to be reasonably specific in defining infarction, it should not be assumed that

DWI is completely sensitive. Metabolic imaging may be able to identify regions of

brain beyond the restricted diffusion that are also ischaemic core.

The pH-weighted signal in the ischaemic core was severely acidotic acutely and within

the region of diffusion lesion pseudonormalization the acidosis was particularly
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pronounced. Diffusion lesion pseudonormalization is likely to be explained by both
necrosis and vasogenic oedema. Proactively investigating the early dynamic metabolism
of the ischaemic core could provide insight into the likelihood of developing malignant
oedema. Treatments aimed at alleviating the metabolic stresses that result in oedema
would not only offset the need for surgical decompression, but may also help prevent

subacute clinical deterioration in those patients with smaller infarcts.

2.1.3. Heterogeneity
There is marked heterogeneity of pathophysiology between and within patients.
Although patterns can be seen at a tissue level acutely, between patients the individual
data are heterogeneous and the temporal dynamics are diverse. Within individual
patients, there are multiple regions with distinct perfusion and metabolic profiles that
result in discrete patterns of ischaemic injury. This observation may underlie the
difficulty of trying to group patients for treatment using what are likely to be
oversimplifications of the range of pathophysiological processes observed. Such an
observation suggests the need for more complex imaging stratification, a move that is
likely delay times to treatment initiation and make it even harder to observe treatment

benefits.

2.1.4. Clinical use
To use MRI in routine clinical practice for acute stroke requires not only that the
sequences are capable of selecting patients who benefit from intervention, but also that
the sequences generate interpretable 3D imaging, without significant data loss from
artefact, in a short period of time. Given the imperative for prompt treatment, for MRI
to become clinically useful in selecting patients it must be much quicker in both

acquisition and processing. The sequences investigated as part of this thesis do not
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currently meet these criteria. Specific challenges to overcome prior to clinical use are

discussed below and include contrast-to-noise ratios and susceptibility to artefact.

2.2. Technical considerations

2.2.1. Contrast-to-noise ratios
In order to be used clinically, ROIs defined using imaging biomarkers need to be
created a priori. In this thesis, the biomarkers under investigation have been framed
according to the tissue outcome, in order to study their biological properties. However,
if the biomarkers are to be used a priori adequate CNR is required to define tissue
regions. In Chapter 3, ROIs were defined on follow up imaging using conventional MRI
sequences (T2-weighted FLAIR and trace DWI) and these had CNRs in the range of 1.9
to 7.0. Although the inter-rater agreements were generally good, even with these CNRs
there was some disagreement between raters. For CBF and APTR* acutely, the CNRs
were 1.03 and 0.43 respectively, much lower than those of the follow up imaging.
Whilst VEPCASL generated a greater CNR than APT, this is limited to grey matter

analysis, which further limits its utility in a priori tissue definition.

Low CNRs are an inherent limitation to using either ASL or APT MRI as a clinically
useful treatment modifier. Both techniques rely on small signals: for ASL this is a 1-2%
signal change due to the influx of radiolabelled blood and for APT this is a small
diminution in the water signal from a rate change in exchange between amide groups
and water. This leaves little scope for enhancing the signal. Minimizing noise is equally
challenging because this would require longer imaging times or larger voxels, neither of

which are clinically pragmatic.

155



2.2.2. Motion artefact
The longer the duration of a scan the less tolerable it is to an acutely unwell patient and
the greater the risk of motion artefact. MRI takes longer to acquire than CT imaging and
therefore is susceptible to motion artefact in a patient cohort. Post hoc motion
correction can reduce the data loss due to motion, and such techniques were employed
for the sequences used in this thesis. However, not all motion can be corrected, and
approximately 20% of the acute VEPCASL and APT data were lost because of motion.
This occurred despite efforts to optimize the scanning environment to minimize motion,
including attention to patient comfort and direct supervision of the patient during the
scan. Scanning times were kept to a minimum, but short scanning times reduce signal to

noise ratios and require larger voxels, thus exacerbating the problems of partial volume.

2.2.3. Effects of partial volume
Partial volume effects occur when multiple categories of tissue exist in a single voxel.
The voxel is ascribed one tissue type, but other less prevalent types within the voxel
will still influence the signal within it. This contamination may be from tissue with a
different fate or from tissues with different properties, such as grey and white matter,
and CSF. The greater the volume of each voxel, the greater the likelihood of partial
volume contamination. In patients, the effects of partial volume are particularly
pronounced with regards to grey and white matter: with age and cerebrovascular disease
there is cortical thinning resulting in fewer voxels with predominantly grey matter
content. Generating smaller voxels takes more time or leads to a reduction in the signal-
to-noise ratio. Both of these are detrimental to the study design and so a compromise

must be reached.
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2.2.4. Spatial resolution
In all imaging studies spatial resolution is restricted to the macroscopic scale and it is
not possible to discern responses of different cell types to ischaemia using MRI. Mean
measurements are taken for each voxel as a whole and there is no capacity to dissect the
responses of different cell types. This results in voxels, and the clusters of voxels that
form the ROIs, being assigned to a single category, but they may represent different
proportions of cell types and fates. For example, selective neuronal loss is known to
occur outside the macroscopic infarct and has been identified using flumazenil PET

36, 160

scanning. In this study, such a tissue fate would have been labeled as surviving

tissue.

There is evidence from experimental literature that there is a microscopic spatial
heterogeneity of pathophysiology, not related to cell type, below the resolution of
MRI.*>*** This level of spatial detail can only be explored in preclinical models, but it
is important to account for this when interpreting clinical data. Further subtlety may be
lost by the effects of partial volume that can lead to underestimation of a signal in a
small region. Aside from the limitations of individual imaging biomarkers spatial

resolution is an inherent limitation of using MRI to investigate pathophysiology.

2.3. Study limitations
These data are potentially subject to bias from patient dropout and loss to follow up.
Despite best efforts to ensure all patients could return for follow up, death, clinical
deterioration, and patient preference all accounted for some loss of follow up data.
Patients with more severe strokes are less likely to return for imaging and, therefore,

those with follow up data are a biased group.

157



The number of patients in this study precluded the incorporation of patient level factors
into the interpretation of the data. Clinical factors such as sex, blood pressure, and
diabetes mellitus have not been used in the analysis, as the sample size is too small to
generate meaningfully sized subgroups. Larger studies would permit this level of

analysis.

In order to draw conclusions data were pooled into subgroups such as the acute data
(within 6 hours of symptom onset). Whilst this creates homogeneous grouping it is
unlikely that the degree and duration of ischaemia for all patients will have been similar.
It is impossible to know the fluctuations in perfusion prior to arrival at hospital or the
exact time of onset for every patient. This may account for some of the variability
between patients in addition to other factors such as sex, genetic profile and prior

exposure to ischaemia.

3. Future work
In addition to the requirements for validating the findings of this thesis in an
independent cohort and investigating the characteristics in larger groups, there are

several specific areas that are worth further study.

3.1. Clinical correlation
The analyses in this thesis are tissue based, using a framework defined by presenting
and follow up imaging. As recruitment continues and patient numbers increase it will be
important to investigate the patient factors that influence the biomarkers, and to
correlate the changes in the imaging biomarkers with clinically meaningful outcomes.
Such analyses would allow the evaluation of the imaging biomarkers as surrogates that

have the potential to inform clinical or research practice.”’
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3.2. Motion correction
Motion artefact affects all imaging modalities, but is a particular problem in MRI due to
the long imaging times and the sensitivity to noise. Post hoc techniques can correct for
some of this error, but other data are lost. Prospective motion correction is an appealing
strategy to correct for motion as the data is acquired.**® This would be of particular
benefit in 2D image acquisition, for which through plane movement cannot be corrected

retrospectively.

3.3. Oedema
In Chapter 3, optimal image registration was achieved using non-linear registration
algorithms to correct for distortions due to oedema. Using this technique the degree of
distortion relative to presentation was estimated. Such an approach might provide useful
information to quantify oedema at 24 hours and predict the likelihood of clinical
deterioration in the context of malignant middle cerebral artery syndrome. This
information could be tested in helping clinical decision making surrounding
hemicraniectomy, and would meet the definition of a TRAIT, were it to be validated

prospectively.

3.4. Arterial spin labeling
In Chapter 5, the relationship of CBF to tissue outcome was investigated. At a patient
level, there was heterogeneity of the reperfusion dynamics that suggested a more
complex relationship of reperfusion with vessel status than a binary recanalization
versus no recanalization. If angiographic data was acquired serially, VEPCASL could
be used to explore the factors that influence microvascular perfusion following
recanalization, including the effect of collateral blood flow from the other vascular

territories of the main feeding vessels. Further, by labeling inflowing blood distal to the
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Circle of Willis more subtle collateral blood flow dynamics could be described. Other
aspects of VEPCASL development might include improvements in signal generation in

the white matter, which has recently been developed in healthy volunteers.®’

3.5. Chemical exchange saturation transfer
In order to develop the CEST sequence for pH-weighted imaging several improvements
are required. Firstly, it is necessary to develop a 3D sequence rather than the 2D slice
used in this thesis. This would necessitate longer image acquisition times, but these
would be in the region of 5 minutes and therefore remain clinically pragmatic.
Improvements in CNR are also required if tissue is to be defined by its metabolic profile
a priori. Although improvement in contrast might be possible were the spectral
resolution to be improved, there is a biological limit to the contrast seen. Noise
reduction in the sequence and minimization of artefact would also increase the CNR.
Strategies to achieve this would include use of higher magnetic field strengths,
incorporation prospective motion correction, and development of the model analysis for
APTR* to better model the non-APT mediated effects on the observed signal. Were
these developments to be successfully implemented, APTR* could meet the criteria for

a TRAIT, with potential to act as a biomarker for both acute and delayed ischaemic
injury.

Another area that warrants further work is exploration of signal remote from the APT
effect in the CEST z-spectrum, such as the nuclear Overhauser enhancement effect that
may provide information regarding changes in protein structures within the cells.**

Such information would allow insight into mechanisms of cell injury and infarction in

acute stroke.
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4. Closing remarks

The work in this thesis is the first attempt to use serial perfusion imaging, using ASL-
derived absolute CBF, and metabolic imaging, using APT-derived pH-weighted
imaging, to explore the dynamics of the pathophysiology of acute stroke in patients.
This approach is akin to that proposed by Astrup ef al., in the original definition of the
ischaemic penumbra.'® The complexity and heterogeneity of the pathophysiological
processes have been highlighted, and the potential utility of using pH-weighted imaging
to elucidate these processes, in addition to perfusion imaging, has been demonstrated.
Better understanding of the pathophysiology of acute stroke has the potential to identify
novel treatment targets, improve the definition of pathologies within individual patients,
and to select patients who will benefit from an intervention. This work represents a
proof of concept that requires development and validation in independent cohorts of
patients, but nonetheless provides some explanation for the challenges of using imaging

biomarkers patients with acute ischaemic stroke.
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Appendix A: Example Search Strategy used in Chapter 2

Example search strategy (MEDLINE via Ovid)

. Randomized Controlled Trials as Topic/

. randomized controlled trial/

. Random Allocation/

. Double Blind Method/

. Single Blind Method/

. clinical trial/

. clinical trial, phase i.pt.

. clinical trial, phase ii.pt.

. clinical trial, phase iii.pt.

10. clinical trial, phase iv.pt.

11. controlled clinical trial.pt.

12. randomized controlled trial.pt.

13. multicenter study.pt.

14. clinical trial.pt.

15. exp Clinical Trials as topic/

16. or/1-15

17. (clinical adj trial$).tw.

18. ((singl$ or doubl$ or treb$ or tripl$) adj (blind$3 or mask$3)).tw.

19. PLACEBOS/

20. placebo$.tw.

21. randomly allocated.tw.

22. (allocated adj2 random$).tw.

23. 01/17-22

24.16 0r 23

25. case report.mp.

26. letter/

27. historical article/

28. 01/25-27

29. 24 not 28

30. exp Tomography, Emission Computed/ or exp Magnetic Resonance Imaging/ or brain imaging.af.
31. (ct or dwi).af.

32. imaging.af.

33. (perfusion or diffusion).af.

34. magnetic resonance imag$.af.

35. mri.af.

36. computed tomograph$.af.

37. pet.af.

38. spect.af.

39. exp Tomography, X-Ray Computed/

40. 01/30-39

41. Cerebrovascular disorders/

42. exp Brain ischemia/

43. Carotid artery diseases/ or Carotid artery thrombosis/

44. stroke/ or exp brain infarction/

45. exp Hypoxia-ischemia, brain/

46. Cerebral arterial diseases/ or Intracranial arterial diseases/

47. exp Intracranial embolism/ and thrombosis/

48. (stroke$ or apoplex$ or cerebral vasc$ or cerebrovasc$ or cva or transient isch?emic attack$ or
tia$).mp.

49. (brain or cerebr$ or cerebell$ or vertebrobasil$ or hemispher$ or intracran$ or intracerebral or
infratentorial or supratentorial or middle cerebr$ or mca$ or anterior circulation).mp.
50. (isch?emi$ or infarct$ or thrombo$ or emboli$ or occlus$ or hypoxi$).mp.
51.49 and 50

52.41 or 42 or 43 or 44 or 45 or 46 or 47 or 48 or 51

53.29 and 40 and 52

54. limit 53 to (english language and humans and yr="1995 -Current" and "all adult (19 plus years)")

OO\ L W~

Nel
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Appendix C: Studies using Imaging as Eligibility Criteria

Author (year) Intervention No. of Modality Criterion
participants
Hacke (1995) Alteplase 620 CcT <1/3 MCA territory
Clark (1997) Citicoline 259 CcT No evidence of cerebral oedema
De Deyn (1997) Piracetam 927 CcT No mass effect with midline shift
Del Zoppo (1998) IA pro-urokinase 46 CcT No mass effect with midline shift
DSA TIMI 0/1 (M1/M2)
Hacke (1998) Alteplase 800 CcT <1/3 MCA territory
Berrouschot (1999) Rheopheresis 33 CcT <1/3 MCA territory
SPECT Activity deficit
Clark (1999) Citicoline 394 CcT No brainstem or cerebellar infarction
Clark (1999) Alteplase 613 CcT <1/3 MCA territory
Furlan (1999) IA pro-urokinase 180 CcT <1/3 MCA territory
DSA TIMI 0/1 (M1/M2 MCA)
Ogawa (1999) Ebselen 105 CcT No low density
DSA M1 or M2 MCA occlusion
Warach (2000) Citicoline 100 MRI Requires >1ml, <66ml involving grey matter in MCA
territory (DWI)
Clark (2001) Citicoline 899 CcT No evidence of cerebral oedema
Diener (2001) Certoparin 404 CcT <1/3 MCA territory
Grotta (2001) Lubeluzole 89 CcT <1/3 MCA territory
Alexandrov (2004) TCD 126 TCD TIBI 0-3 (MCA)
ADbESTT inv (2005) Abciximab 400 CcT <1/2 MCA territory
Daffertshofer (2005) TCD 26 MRI DWI lesion present and exclude if complete MCA
infarction
MRA Vascular obstruction on MRA
Hacke (2005) Desmoteplase 104 MRI <1/3 MCA territory (DWI)
MRA Exclude ICA occlusion without ipsilateral distal
occlusion
MRP Diffusion-perfusion mismatch
Singhal (2005) Normobaric oxygen 16 MRP Diffusion-perfusion mismatch
Els (2006) Hypothermia (HC pts) 25 MRP Diffusion-perfusion mismatch
Furlan (2006) Desmoteplase 37 MRP Diffusion-perfusion mismatch
Hennerici (2006) Ancrod 1222 CcT <1/3 MCA territory
Warach (2006) Gavestinel 106 MRI Requires >1.5cm diameter or >5ml (DWI)
Shin (2007) Albumin 49 MRI DWI lesion in MCA territory
Vahedi (2007) Hemicraniectomy 38 MRI Requires >145ml (DWI)
Wong (2007) Heparin (nadroparin) 353 Carotid duplex / Moderate large artery occlusive disease
TCD / MRA
Adams (2008) Abciximab 808 CcT <1/2 MCA territory
Alexandrov (2008) Microspheres (with 15 TCD TIBI 0-3 (MCA)
TCD)
Davis (2008) Alteplase 101 CcT <1/3 MCA territory
Hacke (2008) Alteplase 821 CcT <1/3 MCA territory
Ehrenreich (2009) EPO 522 MRI DWI lesion and FLAIR negative
Hacke (2009) Desmoteplase 193 MRI/CT <1/3 MCA territory (DWI or CT)
MRA/CTA Exclude ICA occlusion
MRP/CTP Diffusion-perfusion mismatch
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Author (year) Intervention No. of Modality Criterion
participants
Kidwell (2009) Magnesium 90 MRI Requires >5ml, later 3ml (DWI)
Molina (2009) TCD + microspheres 35 TCD TIBI 0-3 (MCA/ACA/PCA/ICA/BA)
Sen (2009) IA Alteplase 7 CcT <1/3 MCA territory
CTA Major vessel occlusion
Teal (2009) Repinotan 681 CcT <1/3 MCA territory
Thijs (2009) Microplasmin 40 CcT <1/3 MCA territory
MRP PWI >2cm diameter
Schabitz (2010) G-CSF 44 MRI <2/3 MCA (DWI) and non-lacunar infarct
MRA No carotid-T occlusion
MRP Diffusion-perfusion mismatch
Bi (2011) Hypothermia 93 MRP Diffusion-perfusion mismatch
Shuaib (2011) NeuroFlo 515 CcT <1/3 MCA territory
Michel (2012) IV tPA 12 CTP Favorable CTP profile
CTA Occluded extracranial ICA
Parsons (2012) Tenecteplase 75 CcT <1/3 MCA territory
CTA Vessel occlusion (ACA/MCA/PCA)
CTP Diffusion-perfusion mismatch
Rosso (2012) IV insulin 180 MRI DWI lesion present
Broderick (2013) Endovascular 656 CTA M1/ICA/BA occlusion and NIHSS 8-9
treatment
Ciccone (2013) Endovascular 362 CcT Acute infarction
treatment
Gui (2013) Xueshuantong 64 MRI DWI lesion <2cm (lacunar infarct)
Hougaard (2014) Remote Ischaemic 443 MRI DWI lesion present
Perconditioning
Kidwell (2013) Embolectomy 118 MRA/CTA Target occlusion
Ringelstein (2013) G-CSF 328 MRI DWI lesion >15ml
MRI <1/3 MCA territory
MRI No mass effect with midline shift
MRI Non-lacunar infarct
MRA No carotid T occlusion

Key: HC: hemicraniectomy; IA: intra-arterial; TCD: transcranial Doppler ultrasound; EPO: erythropoetin; G-CSF: granulocyte colony
stimulating factor; CT(A/P): computed tomography (angiography/perfusion); DSA: digital subtraction angiography; SPECT: single
photon emission CT; MRI/A/P: magnetic resonance imaging/angiography/perfusion; TIMI: thrombolysis in myocardial infarction
score; MCA: middle cerebral artery; DWI: diffusion-weighted imaging; TIBI: thrombolysis in brain ischaemia; ACA: anterior cerebral
artery; PCA: internal carotid artery; BA: basilar artery

posterior cerebral artery; ICA:

170



Appendix D: Studies using Imaging to Assess Outcome

First author Intervention Modality Measure Timing Imaging Prespecified
result
NINDS (2000) Alteplase CcT Lesion volume 3 months Neg N
CcT Lesion volume 7-10 days Neg N
CcT Lesion volume 24 hours Pos N
Alexandrov TCD TCD Recanalization (TIBI 5) 2 hours Pos Y
(2004)
Berrouschot Rheopheresis CcT Lesion volume 5 days Neg Y
(1999)
SPECT Graded SPECT scale 6-8 hours Neg
SPECT Graded SPECT scale 5 days Neg
Chemmanam Alteplase MRI % voxels with DWI reversal 3 months Neg
(2010)
Daffertshofer TCD MRA Recanalization rate 6-24 hours Neg Y
(2005)
MRP Perfusion deficit 6 hours Neg
MRI Lesion volume (DWI) 6 hours Neg
Davis (2008) Alteplase MRI Geometric mean growth (exponential of mean log relative growth: day 3 months Neg Y
90 T2 / baseline DWI)
MRI Median relative growth (day 90 T2 / baseline DWI) 3 months Neg Y
MRI Median absolute growth (day 90 T2 - baseline DWI) 3 months Neg Y
MRI Mean difference in cube root volumes 3 months Neg Y
MRI Lesion growth >0% (T2 and baseline DWI) 3 months Pos Y
MRA Recanalization (>1 point increase in TIMI) 3 months Neg Y
MRP Reperfusion (>90% of initial deficit, Tmax+2s) 3 months Pos Y
De Georgia Endovascular MRI Lesion growth (day 3-5 DWI /baseline DWI) 3-5 days Neg Y
(2004) cooling
Del Zoppo IA pro-urokinase DSA Recanalization (TIMI 2/3) 2 hours Pos Y




(1998)

Demchuk Alteplase CcT Lesion volume 7-10 days Neg N
(2005)
Diener (2001) Certoparin CcT No lesion 7-8 days Neg Y
CcT Lesion volume 7-8 days Neg Y
Ebinger (2009) Alteplase MRI Lesion growth (day 3-5 DWI - baseline DWI, median) 3-5 days Pos N
MRI Lesion growth (day 90 T2 - day 3-5 DWI, median) 90 days Neg N
MRI Lesion growth (day 90 T2 - baseline DWI, median) 90 days Pos N
Ehrenreich EPO MRI Lesion volume (FLAIR) 7-8 days Neg Y
(2009)
Emsley (2005) IL-1 receptor CcT Lesion volume 5-7 days Neg Y
antagonist
Fogelholm Nimodipine CcT Lesion volume 3 weeks - 3 Neg N
(2000) months (IQR)
Furlan (1999) IA pro-urokinase DSA Recanalization (TIMI 3 or 2/3) 2 hours Pos Y
Furlan (2006) Desmoteplase MRP/MRA Reperfusion (>30% reduction in MTT deficit volume) or TIMI 2/3 4-8 hours Neg Y
MRI Lesion growth (increase in T2-weighted lesion, median) 1 month Neg N
Gui (2013) Xueshuantong MRP Change in rCBV 1 month Neg Y
MRP Change in rCBF 1 month Neg Y
MRP Change in rMTT 1 month Neg Y
Hacke (2005) Desmoteplase MRP/MRA Reperfusion (>30% reduction in MTT deficit volume) or TIMI 2/3 4-8 hours Neg Y
MRI Lesion growth (day 30 FLAIR - 24 hour DWI) 1 month Not Y
reported
Hacke (2009) Desmoteplase MRI/CT Lesion growth (day 30 -24 hour, various) 1 month Neg
Hennerici Ancrod CcT Lesion volume 7-10 days Neg
(2006)
Hougaard Remote Ischaemic MRI Penumbral salvage: (Baseline Tmax 6s volume - DWI lesion) - 1 month 1 month Neg Y
(2014) Perconditioning FLAIR
MRI Lesion volume (FLAIR) 1 month Neg
MRI Infarct growth (1 month FLAIR - baseline DWI) 1 month Neg
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MRI Baseline DWI volume Presentation Neg Y

MRI Baseline PWI volume Presentation Neg Y

Infeld (1996) Streptokinase SPECT Hypoperfusion volume 3 months Neg Y

SPECT Hypoperfusion volume 1 day Neg Y

SPECT Early hypoperfusion volume change (24 hours - baseline) 3 months Neg Y

SPECT Late hypoperfusion volume change (3 months - 24 hours) 3 months Neg Y

SPECT Early hypoperfusion volume change (3 months - baseline) 3 months Neg Y

Infeld (1999) Nimodipine SPECT Hypoperfusion volume 3 months Neg Y

SPECT Hypoperfusion volume 1 day Neg Y

SPECT Early hypoperfusion volume change (24 hours - baseline) 3 months Neg Y

SPECT Late hypoperfusion volume change (3 months - 24 hours) 3 months Neg Y

SPECT Early hypoperfusion volume change (3 months - baseline) 3 months Neg Y

Kasner (2013) Transcranial laser MRI/CT Lesion volume 5 days Neg N
therapy

MRI/CT ASPECTS 5 days Neg N

MRI/CT cortical ASPECTS 5 days Neg N

Kidwell (2009) Magnesium MRI Median absolute growth (day 90 FLAIR - baseline DWI) 3 months Neg Y

MRI Median relative growth (day 90 FLAIR - baseline DWI)/baseline DWI 3 months Neg Y

MRI Lesion growth (>0% day 90 FLAIR and baseline DWI) 3 months Neg Y

Kidwell (2013) Embolectomy MRI/CT Infarct volume (day 7) 7 days Neg Y

MRI/CT Infarct growth (day 7-day1) 7 days Neg Y

MRI/CT Reperfusion >90% (day 7) 7 days Neg Y

MRI/CT Recanalisation (day 7) 7 days Neg Y

Levine (2005) Alteplase CcT Lesion volume 7 days Neg N

Lyden (2002) Clomethiazole CcT Lesion volume 1 month Neg Y

McCormick Insulin MRI Lesion growth (day 7 FLAIR - baseline DWI) 7 days Neg Y

(2010)
MRI Lesion volume (FLAIR) 7 days Neg Y




MRS Lactate 3 days Pos Y

MRS Lactate 7 days Neg Y

Michel (2012) IV tPA MRI Non-infarcted at-risk tissue (day 4) 4 days Neg Y

CTA Recanalization (24 hours) 24 hours Neg Y

Molina (2009) | TCD + microspheres TCD Complete recanalization 2 hours Neg Y

TCD Time to complete recanalization 2 hours Neg Y

Nagakane Alteplase MRI Geometric mean lesion growth (day 90 T2 and baseline DWI) 3 months Pos N
(2011)

MRI Median absolute growth (day 90 T2 and baseline DWI) 3 months Pos N

MRI Mean difference in cube root volumes (day 90 T2 and baseline DWI) 3 months Neg N

MRI Median difference in cube root volumes (day 90 T2 and baseline DWI) 3 months Pos N

MRI Growth >0% (day 90 T2 and baseline DWI) 3 months Pos N

MRP Reperfusion (>90% of initial deficit, Tmax+2s) 3-5 days Pos N

MRP Median percentage reperfusion 3-5 days Pos N

MRA Recanalization (>1 point increase on TIMI) 3-5 days Neg N

Nichols (2008) Alteplase CcT Median lesion volume 24 hours Pos N

CcT Recanalization by resolution of HMCAS 24 hours Pos N

Ogawa (1999) Ebselen CcT Lesion volume 1 month Neg Y

Pantano Alteplase CcT Lesion growth (day 7- 24 hour) 7 days Neg N
(1999)

CcT Presence of any change (as a proportion, day 7- 24 hour) 7 days Neg
Parsons Tenecteplase MRP/CTP Reperfusion of initial deficit (%volume change of MTT defined tissue) 24 hours Pos

(2012)

MRI/CTP Lesion growth (24hrs DWI - CTP) 24 hours Pos Y

MRI/CTP Lesion growth (90 day FLAIR - CTP) 3 months Pos Y

MRA Complete recanalization (TIMI 3) 24 hours Neg Y

MRA Complete or partial recanalization (improved TIMI) 24 hours Pos Y

MRP Volume reperfusion at 24 hours (MTT) 24 hours Pos N
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MRP Penumbral salvage (24 hours) 24 hours Pos N
MRP Penumbral salvage (90 days) 3 months Pos N
Patel (2001) Alteplase CcT Lesion volume 3 months Pos N
Ringelstein G-CSF MRI Lesion volume 1 month Neg Y
(2013)
Roberts IA pro-urokinase CcT Lesion volume 24 hours Pos N
(2002)
CcT Lesion volume 7 days Pos
Rosso (2012) IV insulin MRI Mean infarct growth 1-3 days Neg
Schabitz G-CSF MRI Lesion volume (unspecified modality) 3 months Neg
(2010)
Sen (2009) IA Alteplase MRA Recanalization (TIMI 2/3) 24 hours Pos Y
Shin (2007) Albumin MRI Lesion growth ((Day 3-4 DWI - baseline DWI)/baseline DWI) 3-4 days Neg Y
Singhal (2005) | Normobaric oxygen MRI Lesion growth (4 hour DWI / baseline DWI) 4 hours Pos N
MRI Lesion growth (24 hour DWI / baseline DWI) 24 hours Neg N
MRI Lesion growth (7 days FLAIR / baseline DWI) 7 days Neg N
MRI Lesion growth (3 month FLAIR / baseline DWI) 3 months Neg Y
MRP Penumbral salvage: (baseline MTT volume - DWI volume)/(baseline 4 hours Pos Y
MTT volume - baseline DWI volume)
MRP Penumbral salvage: (baseline MTT volume - DWI volume)/(baseline 24 hours Neg N
MTT volume - baseline DWI volume)
MRP Penumbral salvage: (baseline MTT volume - DWI volume)/(baseline 7 days Neg N
MTT volume - baseline DWI volume)
MRP Penumbral salvage: (baseline MTT volume - DWI volume)/(baseline 3 months Neg N
MTT volume - baseline DWI volume)
MRI Temporary and sustained ADC reversal voxels 24 hours Neg
MRP rCBV in affected volume 4 hours Pos
MRP rCBV in affected volume 24 hours Pos
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MRP rCBF in affected volume 4 hours Pos Y

MRP rCBF in affected volume 24 hours Pos N

MRP rMTT in affected volume 4 hours Neg Y

MRP rMTT in affected volume 24 hours Neg N

Srivastava Minocycline MRI Infarct volume (day 30) 1 month Neg Y

(2012)

MRI Infarct growth (1mo FLAIR - DWI) 1 month Neg Y

Thijs (2009) Microplasmin MRP Reperfusion(>30% reduction in PWI or absence of PWI if <10ml) 4-12 hours Neg Y
MRA Improvement on MRA scale of 2 points 4-12 hours Neg Y

Warach (2000) Citicoline MRI Lesion volume (week 12 T2 - baseline DWI) 3 months Neg Y
Warach (2006) Gavestinel MRI Lesion growth (% change, 3 month DWI b0 and baseline DWI b1000) 3 months Neg Y
Yasaka (1998) Steptokinase SPECT Reperfusion (binary and change in volume of hypoperfused tissue) 24 hours Neg Y
TCD Recanalization (operator assessment, no score) 7 days Neg Y

Key: IA: intra-arterial; EPO: erythropoetin; G-CSF: granulocyte colony stimulating factor; CT: computed tomography; MRI/A/P: magnetic resonance imaging/angiography/perfusion; DSA: digital subtraction
angiography; SPECT: single photon emission CT; TCD: transcranial Doppler ultrasound; PWI: perfusion-weighted imaging; DWI: diffusion-weighted imaging; EIC :early ischaemic change; MCA: middle cerebral artery;
TIMI: thrombolysis in myocardial infarction score; ASPECTS: Alberta Stroke Porgramme early CT score; HMCAS: hyperdense MCA sign; MTT: mean transit time; rMTT: relative MTT; rCBV: relative cerebral blood

volume; rCBF: relative cerebral blood flow
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Appendix E: Studies using Imaging to Define Subgroups

Author (year) Intervention Number of Modality Criterion Subgroup Results different to
participants size primary analysis
MAST-I Streptokinase 622 CT No EIC 519 No
(1995)
NINDS (1997) Alteplase 624 CcT No EIC or thrombus identified 513 No
Broderick Endovascular 656 CcT ASPECTS 0-7 271 No
(2013) treatment
CT ASPECTS 8-10 378 No
CTA ICA/M1/BA occlusion 220 No
Chen (1997) Aspirin 20655 CT No EIC 2764 No
Davis (2008) Alteplase 101 MRI Lesion volume >5ml (DWI) 69 Yes
MRP 20% PWI/DWI mismatch and PWI lesion-DWI lesion >10ml 80 No
(Tmax+2s)
De Silva Alteplase 87 MRA MCA occlusion 32 Yes
(2010)
MRA TIMI 0-1 49 No
MRA TIMI 2-3 38 No
MRA TIMI 0-2 54 No
MRA TIMI 3 33 No
Demchuk Alteplase 608 CcT ASPECTS 8-10 402 No
(2005)
CcT ASPECTS 0-7 201 Yes (although same
trend)
CT ASPECTS 3-7 185 No
CcT ASPECTS <3 16 Yes (although same
trend)
Derex (2001) Alteplase 35 DSA No vessel occlusion 10 Not clear
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Dzialowski Alteplase 788 CcT ASPECTS >7 557 No
(2006)

CT ASPECTS <8 231 No

Gilligan Streptokinase 270 CcT No EIC 94 No
(2002)

CcT Lesion <1/3 of vascular territory 82 No

CT Lesion >1/3 vascular territory 94 No

Hacke (2009) Desmoteplase 193 MRA/CTA TIMI 0-1 53 No

Hill (2003) IA pro- 180 CcT ASPECTS 0-7 88 Yes (negative)
urokinase
Hill (2014) Endovascular 656 CcT ASPECTS 8-10 378 No
treatment

CT ASPECTS 0-7 278 No

CT ASPECTS 0-4 92 No

CT/angio ASPECTS 8-10 and ICA/MCA occlusion 144 No

CT/angio ASPECTS 0-7 and ICA/MCA occlusion 128 No

CT/angio ASPECTS 0-4 and ICA/MCA occlusion 40 No

Kasner (2013) Transcranial 640 MRI/CT Involvment of cortex 463 No

laser therapy

Kidwell Magnesium 90 MRI Lacunar stroke (DWI lesion <1.5ml, deep location) 15 No
(2009)

MRI Baseline DWI >3ml 73 No

MRP 20% PWI/DW!I mismathch (Tmax+2s) 44 No

MRP 20% PWI/DWI mismatch (Tmax+2s) and DWI >3ml 40 No

Kidwell Embolectomy 118 CTP/MRP Infarct/PWI <70% and core less than 90ml 68 No
(2013)

CTP/MRP Non-penumbral 50 No

Levine (2005) Alteplase 624 CcT Composite of NIHSS<2 and no EIC 28 No
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Manelfe Alteplase 603 CcT HMCAS 107 Yes
(1999)
McCormick Insulin 40 MRA Intracranial vessel occlusion 11 Yes
(2010)
Nagakane Alteplase 101 MRI Lesion volume >5ml (DWI) 69 Yes
(2011)
MRP 20% PWI/DWI mismatch and PWI lesion-DWI lesion >10ml 80 Yes
(Tmax+2s, co-registered)
Nagakane Alteplase 101 MRP Severity weighted mismatch 61 No
(2012)
Nichols Alteplase 624 CcT HMCAS 79 Not clear
(2008)
Ogawa (1999) Ebselen 105 DSA Persistent complete occlusion of M1 after thrombolysis 45 Yes
DSA Persistent complete occlusion of M1 or M2 after 70 Yes
thrombolysis
DSA Recanalisation of M1 and M2 after thrombolysis 13 No
Pantano Alteplase 450 CT at 24hrs No EIC 87 Not done
(1999)
CT at 24hrs Subcortical lesion 106 Not done
CT at 24hrs Cortical lesion 123 Not done
CT at 24hrs Mixed lesion 134 Not done
Parsons Alteplase 98 MRP 20% PWI/DWI mismatch (Tmax+2s) 85 No
(2010)
MRP PWI lesion <190ml, DWI lesion <25ml (Tmax+2s) 37 No
MRP PWI lesion 20-190ml, DWI lesion <25ml (Tmax+2s) 30 Yes
MRP PWI lesion <190ml, DWI lesion <18ml (Tmax+2s) 31 Yes, using mRS 0-1, no
using mRS 0-2
MRP PWI lesion 20-190ml, DWI lesion <18ml (Tmax+2s) 24 Yes
MRP 20% PWI/DWI mismatch (Tmax+2s), ICA occlusion 65 No

excluded
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MRA Lesion volume <25ml (DWI) and ICA occlusion excluded 47 Yes, using mRS 0-1, no
using mRS 0-2
MRP PWI lesion >20ml, DWI lesion <25ml (Tmax+2s), ICA 40 Yes, using mRS 0-1, no
occlusion excluded using mRS 0-2
MRA Lesion volume <18ml (DWI) and ICA occlusion excluded 39 Yes, using mRS 0-1, no
using mRS 0-2
MRP PWI lesion >20ml, DWI lesion <18ml (Tmax+2s) 32 Yes
MRP 20% PWI/DWI mismatch (Tmax+8s) 62 No
MRP PWI lesion <150ml, DWI lesion <25ml (Tmax+8s) 52 No
MRP PWI lesion 10-150ml, DWI lesion <25ml (Tmax+8s) 40 Yes, using mRS 0-1, no
using mRS 0-2
MRP PWI lesion <150ml, DWI lesion <18ml (Tmax+8s) 43 No
MRP PWI lesion 10-150ml, DWI lesion <18ml (Tmax+8s) 33 Yes, using mRS 0-1, no
using mRS 0-2
Patel (2001) Alteplase 616 CcT Lesion volume >1/3 MCA 84 Yes
CcT Lesion volume <1/3 MCA 110 Yes
CT No EIC 422 No
Roberts IA urokinase 162 CcT No EIC 53 No
(2002)
CcT Lesion volume <20ml 77 No
CcT Lesion volume 20-40ml 14 No
CcT Lesion volume 40-60ml 7 No
CcT Lesion volume >60ml 8 No
DSA No collaterals 50 No
DSA Collaterals 111 Yes
Rosso (2012) IV insulin 180 MRA Recanalization 70 Yes, negative
MRA Partial recanalization 50 Yes, negative
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MRA No recanalization 34 Yes, negative

Warach Desmotoplase 122 MRP Mismatch volume <60ml 45 No
(2012)

MRP Mismatch volume >60ml 66 No

Weschler IA urokinase 180 CcT Lesion volume >5.25ml as part of a multimodal risk score Variable No
(2003)

Yasaka (1998) Steptokinase 37 SPECT Perfusion deficit (12% drop c.f. contralateral) 22 No

TCD Vessel occlusion 16 No

Key: IA: intra-arterial; MRA: MRI: angiography; MRP: MRI perfusion; PWI: perfusion-weighted imaging; EIC :early ischaemic change; TIMI: thrombolysis in myocardial infarction score; ASPECTS: Alberta Stroke
Programme early CT score; HMCAS: hyperdense MCA sign
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