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ABSTRACT

Background: Intracranial pressure (ICP) rises to dangerous levels 2-5 days after large
ischaemic stroke. ICP following small stroke is not routinely monitored, although
animal data suggests ICP rises 24 hours following small experimental stroke. Cerebral
oedema has been thought to be the primary cause for ICP elevation. This assumption
may have risen because ICP has only been monitored in patients with large infarct and
oedema volumes. Since small ischaemic infarcts cause less cerebral swelling, ICP
elevation may be the result of a different mechanism(s). Recent human imaging data
indicates that patients deteriorating soon after minor stroke do so on the basis of
cerebral collateral blood flow failure. Until now there has not been a plausible
explanation for this ‘collateral failure’. Long-duration hypothermia has been shown to
lower ICP in patients. Long durations of cooling increase the risk of infection and
rebound ICP during rewarming. Short-duration hypothermia has shown overwhelming
efficacy in animal models of stroke but has not been tested in humans. | hypothesise:
that ICP increases at 24 hours after small stroke; that this rise is not due to cerebral
oedema; that ICP elevation reduces collateral blood flow; and that short-duration

moderate or mild hypothermia prevents ICP elevation post-stroke.

Methods: An epidural ICP monitoring technique was developed. Experimental
ischaemic stroke (middle cerebral artery occlusion) was performed in Long Evans,
outbred Wistar and Sprague-Dawley rats and ICP was monitored. Infarct and oedema
volumes were calculated using wet-dry weight calculations, histology or in vivo
magnetic resonance imaging. Collateral blood flow was visualized using fluorescent

microspheres through a closed cranial window and recorded using a high-speed
1



microscope-mounted recording camera. Short-duration moderate (32.5 °C) or mild (35

°C) hypothermia, or normothermia (37°C) was administered 1 hour post-stroke.

Results: Mean ICP was 9.1 + 5.2 mmHg at baseline (pooled- all animals). ICP was
significantly elevated 24 hours post-stroke in all normothermic animals (40.3 + 16
mmHg, pooled normothermic animals, p < 0.0001 vs. baseline). Mean infarct volume
was 22.6 + 17.5% of contralateral hemisphere. Oedema volumes were small and were
not correlated with ICP post-stroke (r’=0.09, p = 0.15). There was a strong correlation
between ICP elevation and collateral blood flow decrease (r = - 0.62, p < 0.0001). Early
intervention of short-duration hypothermia completely prevented ICP rise post-stroke
(10.3 £+ 6.5 mmHg, pooled hypothermic animals at 24 hours, p < 0.0001 vs.

normothermic animals at 24 hours).

Conclusions: In this thesis, | have presented data that contradicts the accepted wisdom
in several ways and has important implications for patients with stroke. It suggests that
ICP could be elevated in patients with small stroke and that a factor other than
oedema is the primary cause of this ICP elevation. The data also suggest that ICP
elevation following stroke is the likely mechanism of collateral failure leading to
neurological deterioration in stroke patients. Finally, | have demonstrated that short-
duration hypothermia is an effective ICP preventative treatment following
experimental stroke, and suggests that short-duration hypothermia clinical studies in
humans is warranted. These findings suggest that a fundamental rethink of ICP
regulation post-stroke is necessary and have potentially important and exciting

implications for the future treatment of stroke and stroke-in-progression.



CHAPTER 1

LITERATURE REVIEW

1.1 INTRODUCTION

Stroke results from a disruption in the blood supply to the brain. This disruption may
be due to vessel occlusion (ischaemic stroke), or caused by a rupture to the vessel
(haemorrhagic stroke). Ischaemic stroke accounts for approximately 80% of all strokes,

and will be the focus of this thesis.

Fifteen million people worldwide suffer from stroke each year. It is the second leading
cause of adult death, and the leading cause of adult disability in Australia®. It is the
third most common underlying cause of death for men and the second most common
cause for women. Stroke deaths increase greatly with age, with 82% of deaths
occurring in people aged 75 or over in 2011. In 2012, 50 000 Australians suffered new
and recurrent strokes, costing the country an estimated $5 billion®. As our population
ages, this burden is expected to increase greatly, with an estimation that in the next

ten years more than half a million Australians will suffer from stroke.

The most beneficial preventative treatment for stroke is risk factor modification®.
Major modifiable risk factors include high blood pressure, abnormal blood lipids,
smoking, physical inactivity, obesity and diabetes mellitus. In 2011, a national stroke

audit in Australia showed that these risk factors were common amongst patients



admitted to stroke units; 73% of patients had high blood pressure, 50% had high blood
cholesterol, 31% were smokers, and 30% had diabetes®. Although each risk factor can
occur separately, they often occur in combination. As such, the prevention of stroke
primarily involves the reduction of modifiable risk factors by lifestyle changes and/or
therapeutic agents. Age-specific incidence of stroke is believed to have fallen over the
last 20 years in association with increased use of preventative treatments and

reductions in pre-morbid risk factors”.

1.2 CURRENT ACUTE STROKE THERAPIES

There are two significant regions of tissue injury as a result of an ischaemic insult: core
and penumbra. The stroke core is an area of severe ischaemia (blood flow below 10-
25% of normal). Cells in this region will die within minutes due to a severe deficiency in
energy stores and subsequent ionic disruption and metabolic failure. The stroke core is
therefore non-salvageable. Reduction of blood flow within the penumbra is less than
that of the core, due to residual blood flow from collateral vessels. Over the years,
there have been many definitions of the ischaemic penumbra, differing with new
research; however the following definition is generally accepted today: “ischaemic
tissue which is functionally impaired and is at risk of infarction but has the potential to
be salvaged by reperfusion and/or other strategies. If not salvaged this tissue is
progressively recruited into the infarct core, which will expand with time into the

maximal volume originally at risk”®.



The concept of neuroprotection is to salvage structurally intact penumbral tissue and
limit irreversible ischaemic injury. Thousands of experimental papers have investigated
neuroprotection in animals and provided proof-of-principle that protection in the
ischaemic brain is achievable, however to date, clinical trials of neuroprotection have
not been successful’. There are only four currently available acute stroke treatments

that have demonstrated clinical evidence of benefit:

Aspirin: The individual patient benefit of aspirin is quite modest. For every 1000 people
treated with aspirin, 13 people would avoid death or dependency (number needed to
treat 79)%. However, aspirin is cost effective, low in toxicity and easy to administer and

as such, is commonly administered post-stroke.

Stroke Care Units: The routine management of patients in stroke care units has proven
highly successful and effective for all subtypes of stroke, reducing mortality and
improving functional outcome by up to 20%”'°. However, in 2013, only 39% of

Australian hospitals reported having a stroke unit”.

Thrombolysis: The most biologically effective treatment for acute ischaemic stroke is
recombinant tPA, an agent that breaks down clots (thrombolysis) to rapidly reperfuse
the ischaemic brain. The therapeutic time window for tPA however, is limited to 4.5
hours from stroke onset, with earlier treatment associated with bigger proportional
benefits'’. This small therapeutic window limits the number of patients who can
receive this therapy to roughly 5-10% of all strokes', although in some centres with

highly organised pre-hospital stroke care rates >20% can be achieved®?.

5



Decompressive Surgery: One option for an extremely limited number of patients with
large infarction and cerebral oedema is to surgically remove part of the skull to create
space to accommodate the swollen brain, and consequently reduce intracranial
pressure (ICP). Hemicraniectomy however, is not widely used. A recent meta-analysis
of European hemicraniectomy trials demonstrated that, although a 59% reduction in
case fatality was achieved, it came at the expense of an almost equivalent increase in

the number of patients with severe disability™.

The principle of reducing ICP to limit neurological injury is clinically important yet
poorly understood and alternate less invasive ICP lowering approaches would be highly
desirable. Hypothermia is one such treatment that has shown ICP lowering benefits,

this modality will be discussed further in section 1.5.

1.3 INTRACRANIAL PRESSURE

Elevated ICP is a common complication of multiple neurological conditions including
stroke. Following ischaemic stroke in humans and animals, ICP may rise to levels

detrimental to cerebral perfusion and neurological outcome, typically peaking at 2-5

14-19

days™ . The mechanisms behind this elevation in ICP are poorly understood.

Sustained ICP greater than 20-25 mmHg in humans is associated with a poorer

16,20

outcome™*". The few studies that have demonstrated ICP elevation post-stroke,

141518 The levels

however, have predominantly investigated large ‘malignant’ strokes
of ICP in the majority of strokes that don’t result in ‘malignant’ hemispheric infarction

are largely unknown due to the invasiveness of the ICP measurement equipment.
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ICP is an indication of both intracranial volume and the ability of the intracranial cavity
to contain this volume®'. The fundamental principles of ICP are condensed in the
doctrine accredited to Monro (1823)* and Kellie (1824)*%. The basis of this doctrine
states that because the skull cannot expand and the brain parenchyma is almost
incompressible, the total intracranial volume always remains constant under normal
physiological conditions; consequently, any increase in volume of the intracranial
contents (tissue (oedema), cerebrospinal fluid (CSF), and/or cerebral blood volume
(CBV)) must be counteracted by a decrease in volume of the other components. Once

these compensatory mechanisms are exhausted, ICP will rise dramatically*?°.

1.3.1 Intracranial pressure and cerebral oedema

Cerebral oedema is the accumulation of fluid in brain tissue, causing detrimental
swelling. Cytotoxic and vasogenic oedema are two types of oedema that occur post-
stroke. Cytotoxic oedema is localised and will occur within minutes to hours. It involves
extracellular water shifting to intracellular compartments following the failure of
cellular ion pumps. The resultant accumulation of intracellular sodium with the influx
of water causes cellular swelling. Vasogenic oedema occurs more slowly, over hours to
days. This phenomenon is caused by the breakdown of the blood-brain-barrier

resulting in intravascular water being shifted to extravascular compartments.

Cerebral oedema has traditionally been thought to be primarily responsible for ICP

elevation post-stroke. After large strokes, pressure within the skull rises, associated

14-19

with brain swelling (oedema), peaking at 48-72 hours™ . This contributes to
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secondary injury and death in these patients. Small strokes result in little oedema.
Therefore it is generally assumed that pressure does not rise in patients with small
strokes, but as far as | can ascertain, this has never been directly measured. The idea
that cerebral oedema is the primary cause of ICP elevation post-stroke seems to have
arisen due to the fact that it has only been looked for in patients with large strokes and
large levels of oedema. The relationship between oedema and ICP may be more
complicated than it appears. A small clinical study noted that of 39 stroke patients with
‘malignant’ middle cerebral artery occlusions, brain herniation actually preceded
dramatic ICP elevations'®. Another study noted that only 5 of 19 patients with large
stroke and oedema had elevations in ICP™. This suggests that ICP elevation may be
secondary to brain herniation in large stroke and is not its primary cause. Due to the
invasiveness of the monitoring equipment, ICP is not routinely measured in the
majority of stroke patients. It begs the question then- what is happening to the ICP of

patients with small strokes?

The relationship between cerebral oedema and ICP in experimental animal models of
ischaemic stroke is also uncertain. There are surprisingly few experimental studies that
have investigated ICP post-stroke. The few studies that have reported ICP elevations
have shown that ICP is increased 24 hours after small ischaemic stroke, however these

. . 26-2
studies did not report oedema volumes?*?®

. One study also demonstrated that only
those with larger strokes had a later secondary peak 48-72 hours post stroke, which
correlates well with the known time-course of oedema development®’. Another

experimental study also reported elevations in ICP at 24-48 hours following small to

moderate stroke, however, oedema volumes reported in this study were taken from a

8



separate cohort of animals®’. The idea that oedema is the primary cause of intracranial
pressure has not been directly investigated in small ischaemic stroke, and deserves

further investigation.

1.3.2 Intracranial pressure and cerebrospinal fluid

CSF is a clear fluid surrounding the brain and spinal cord. The majority of CSF is

produced by the choroid plexus and ventricular ependymal cells at a rate of 0.3-0.4

30-32

ml/min in humans and 2-4 pL/min in rats . Traditional interpretation of CSF

drainage has been that CSF is absorbed into the venous sinuses via the arachnoid

33-35

granulations™ =", This understanding has since been debated with recent human and

experimental studies suggesting that olfactory perineural pathways and cervical

36-39

lymphatics may play a key role in CSF absorption and that arachnoid granulations

may only come into play when intracranial pressures are elevated’®*. Altered CSF

dynamics are thought to be associated with several neuropathologies including

hydrocephalus**, idiopathic intracranial hypertension**®, intracerebral

48,49

haemorrhage®’, subarachnoid haemorrhage®®*°, traumatic brain injury®® and in the

aging brain>"?

. The idea that CSF dynamics could be altered following stroke,
potentially affecting ICP has not yet been investigated. However, since it plays a
fundamental role in ICP regulation under normal circumstances (as stated in the

Monro-Kellie Doctrine), further investigation into its association with ICP elevation

post-stroke is warranted.



1.3.3 Intracranial pressure and cerebral blood volume

CBV is the total quantity of blood contained within the blood vessels of the brain and is
important in the regulation of ICP. For continuous homeostasis of CBV, a continuous
outflow of venous blood from the cranial cavity is required to make room for
continuous incoming arterial blood. Should this homeostasis become unbalanced, so
that the total CBV increases, an elevation in ICP would occur. This disturbance is seen
in diseases involving cerebral venous obstruction or thrombosis®*® in which ICP is
dramatically elevated following the reduction of venous outflow. The relationship
between ICP elevation and total CBV post-stroke has not been directly investigated in
humans. A recent preliminary study from our laboratory, however, suggests that CBV
may not be the causative factor for increased ICP post-stroke. Using perfusion
computed tomography in rats, this study demonstrated a significant decrease in total
CBV (p < 0.01) at 24 hours post-stroke in both the ipsilateral and contralateral

hemispheres (Figure 1; n = 4; unpublished data).

One of the most critical issues in stroke is the need to maintain sufficient perfusion to
the ischaemic penumbra. Cerebral perfusion pressure (CPP) is governed by a
relationship between mean arterial pressure (MAP) and ICP: CPP = MAP — ICP. Under
normal circumstances cerebral blood flow is maintained by the process of local
cerebral autoregulation, which involves local changes in the resistance of blood vessels
in response to changes in pressure, and is not CPP-dependent except at extremes of

CPP*°. Cerebral autoregulation is able to maintain relatively constant cerebral blood

10



Figure 1. Total cerebral blood volume in the rat. Blood volumes of the contralateral (Contra) and
ipsilateral (Ipsi) hemispheres were imaged using perfusion computed tomography scanning. Images
were acquired before (Control) and at 24 hours following ischaemic stroke (n = 4). Mean + SD; * p <

0.05; ** p < 0.01.

flow when CPP ranges between 50-140 mmHg. If CPP drops below 50 mmHg,
autoregulation will fail and cerebral blood flow will be dramatically reduced. Following
stroke, these autoregulatory mechanisms are exhausted within the ischaemic
penumbra, and cerebral perfusion becomes CPP-dependent®®. Therefore, in the
absence of compensatory blood pressure elevation, ICP elevation will reduce CPP. This
reduction in blood flow may have potentially devastating effects on the CPP-
dependent leptomeningeal collateral vessels, which supply blood to the penumbral

tissue.

1.4 LEPTOMENINGEAL COLLATERAL VESSELS

Leptomeningeal collateral vessels are pial vessels that connect the distal middle

cerebral arterioles to the posterior and anterior arterial circulation. Under normal

11



circumstances, it is thought that these vessels supply the penetrating arterioles at the
watershed region between vascular territories. The rate of blood flow required for this
is low, relative to the diameter of the vessels. However, when major blood vessel
routes fail following stroke, collateral vessels provide an alternate blood flow route to
vital areas of the brain, increasing perfusion to tissue at risk of death. Leptomeningeal
anastomoses provide residual perfusion to ischaemic penumbral tissue following

stroke, slowing the progression of infarct core growth (Figure 2).

Good collateral supply has been strongly associated with better clinical outcome post-

stroke®®®

. Therapeutically improving the collateral blood supply post-stroke could
therefore potentially improve stroke outcome. The idea that alterations in CPP can
alter perfusion of the ischaemic penumbra is Iong-established6°. There is also quite
extensive literature on the effect of blood pressure manipulation after stroke and its

effects on cerebral perfusion and patient outcomes®®. Recent blood pressure

manipulation approaches have been used to try to enhance collateral perfusion and

67,68 69,70

improve stroke outcome in humans and animals™’", and recent data suggests the
possibility that nitric oxide may improve perfusion, likely through effects on collateral
vessels’!. However, these studies are preliminary and have not yet shown efficacy in
improving stroke outcome in large clinical trials. To date, investigations into cerebral
perfusion enhancement have primarily focused on the blood pressure aspect of the

cerebral perfusion pressure equation, CPP = MAP - ICP. The effects of ICP on collateral

perfusion are less often considered and have been much less studied.
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Figure 2. Schematic representation of the left cerebral hemisphere arteries, with proximal MCA
occlusion (indicated in black) and variable grades of retrograde distal MCA blood flow (arrows) via the
leptomeningeal collaterals (white). This includes ‘poor’ retrograde flow in superficial vessels only
(through the green vessel segments), ‘moderate’ flow into the Sylvian fissure (through the green and
purple segments) or ‘good’ flow up to the occlusion (through the green, purple and yellow segments).

Reproduced from Miteff et al. (2009)%, by permission of Oxford University Press.

To date there have been relatively few animal studies investigating collateral supply
post-stroke. Early investigations determined that the collateral vessels provide a

274 These studies

compensatory capacity for alternate blood flow routes post-stroke
provided important data as to collateral vessel number and location. However, since
they were conducted via post-mortem latex perfusion, they were unable to provide
insight into the dynamic nature of the vessels. More recent studies have determined
the in vivo physiology of the collateral vessels using flourescein isothiocyanate labelled
red blood cells’, fluorescent microspheres76 and laser speckle imaging’’. These studies

demonstrated, for the first time, the velocity changes and bidirectional flow of
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collateral vessels under normal conditions, post-stroke and post-reperfusion. The
differing techniques used to study collateral dynamics, however, have led to confusing
and sometimes conflicting results. For example, it has been reported that collateral
vessels are functionally silent under normal conditions, demonstrating no blood flow,
and that vessels are activated only after major occlusion®”®. In contrast, it has also
been reported that collateral flow demonstrates slow bidirectional flow under normal

e 75,7
conditions”>’®

. Furthermore, studies investigating blood flow through the penetrating
vessels arising from collaterals are also conflicting, with one study demonstrating
minimal flow’”® and another demonstrating a significant decrease in flow’® during
stroke. Interestingly, an element of collateral vessel dynamics that has currently been
understudied is the importance of collateral vessel diameter versus blood flow velocity
after stroke. Since collateral blood flow to the ischaemic penumbra is highly CPP-
dependent, the velocity in which blood is supplied to this region seems an important

factor to investigate. Understanding the fundamental dynamics of collateral blood flow

pre- and post-stroke is essential to further develop post-stroke therapies.

Stroke-in-progression is a term used to describe a subset of stroke patients (10-40%"°)

who initially present with mild symptoms but suffer rapid clinical deterioration,

|80,81

typically over the first 24 hours in hospita . The prognosis for these patients is poor.

Until recently, it was assumed that the occluded vessel spontaneously reperfused, and
that the subsequent deterioration was the result of a reformation of the clot®. Recent
imaging studies have since demonstrated that the vessel does not spontaneously
reperfuse in these patients, and that the neurological deterioration is associated with a

83-85

reduced function of the leptomeningeal collateral vessels®°. The cause of this
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‘collateral failure’ is currently unknown. Proposed mechanisms include, collateral

1¥”, Reversed Robin Hood Syndrome® and blood

vessel thrombosis®®, venous stea
pressure fluctuations secondary to autonomic dysfunction®. However evidence has
not been strong for any of these mechanisms. Given the dependency of collateral

vessels on CPP post-stroke, and the timing in which patients begin to deteriorate,

investigations into the effects of ICP on collaterals is warranted.

1.5 HYPOTHERMIA

Therapeutic hypothermia has recently come to the forefront of neuroprotective
research as the only neuroprotective modality to show overwhelming evidence for
efficacy in animal models and the only strategy with proven efficacy in human brain

%91 and neonatal hypoxia ischaemia®®. The

ischaemia - following cardiac arrest
beneficial effect of deep therapeutic hypothermia (first termed ‘human refrigeration’)
has been recognised since the 1940’s®. The notion of protective body cooling led to
the use of hypothermia in cerebral trauma®, intracardiac surgery”™ and cerebral
aneurysm surgery’®®’ in the 1950’s. A lack of high-care facilities and severe side effects
such as cardiac arrhythmia, shivering, infections and coagulation disorders, however,
prevented therapeutic hypothermia from becoming a main-stream medical procedure.
A renewed interest in hypothermia came as animal studies in the mid-1980’s provided
fresh insight into the underlying mechanisms of hypothermia and increasing evidence
suggested that mild-moderate hypothermia (28-35°C) could provide neuroprotective

benefits with fewer side-effects. In the 1990’s, there appeared to be benefits of

moderate hypothermia in small clinical trials to provide neuroprotective benefits in
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98,99

traumatic brain injury patients™ ™. The positive results of these studies led to multiple

hypothermia trials in a variety of conditions causing neurological injuries, including

90,91,100-102 103-106

cardiac surgery , perinatal asphyxia , traumatic brain injury’®” %, hepatic

encephalopathy™®, and neonatal hypoxic ischaemia®**.

No large-scale randomised controlled trials have been completed using hypothermia as
a treatment for ischaemic stroke. This may in part be due to the difficulties involved
with cooling stroke patients. The major obstacles of hypothermia administration are
shivering suppression, risk of pneumonia, and elevated ICP associated with rewarming.
Shivering suppression is essential to achieving target temperatures <35 °C, but
available therapies to suppress shivering are also sedating. In elderly, often drowsy,
stroke patients who are already prone to pneumonia, this necessitates intensive care
unit (ICU) admission. It should be noted that cardiac arrest patients are typically
unconscious and ventilated in ICU facilities; stroke patients are not. Consequently,
management of patient discomfort and shivering in cardiac arrest patients is simplified
and thus hypothermic trials have been conducted in these conditions with positive

103105112113 "~ A" recent collaborative group, the European Stroke Research

results
Network for Hypothermia (EUROHYP), have begun a multicentre, randomised, Phase Il
clinical hypothermia trial in 80 hospitals over 21 European countries. The aim of
EUROHYP is to determine whether cooling to 33-35 °C within 6 hours of symptom
onset and maintained for 24 hours, improves functional outcome at 3 months

following ischaemic stroke. The study is still in the early recruiting phase, and so data

on efficacy is not yet available.
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Over one hundred publications have demonstrated efficacy of therapeutic
hypothermia in animal models of acute ischaemic stroke. A 2007 meta—analysis114
revealed that in 3353 animals from 101 acute ischaemic stroke publications, induction
of hypothermia reduced infarct sizes by 43.5% (95% Cl, 40.1 - 47.0%). In a subgroup
analysis, they found efficacy to be greatest when animals were cooled to lower
temperatures (< 31 °C), and applied immediately following ischaemic insult, however
mild hypothermia (35 °C) and a later hypothermic onset (90-180 minutes after

ischaemia) still improved outcome by up to 33%'*

(Figure 3). Perhaps the most
interesting result of this meta-analysis was that the median duration of cooling was
180 minutes, and that a small inverse relationship between duration of cooling and
effect size was seen. Although this meta-analysis suggests that short-duration
hypothermia may be more effective than long-duration, no studies have directly
investigated it. Studies conducted by Colbourne et al. 11> suggested that long-
duration hypothermia may be more effective than short, however ‘short-duration’
cooling in these studies was still 12 hours. It was also suggested by Markarian et al.
(1996)'" that longer durations of hypothermia resulted in better neuroprotection,
however ‘long-duration’ in this study was 3-4 hours. Short-duration hypothermia is not
at all the paradigm that has been tested in humans. In fact there is a large disconnect
between animal and clinical studies. Therapeutic hypothermia has only been
investigated in relatively few small-scale acute stroke trials. The vast majority of these
trials cooled for 24-72 hours or longer. This concept of ‘longer is better’ is preserved
amongst the neurological conditions, with recent meta-analyses of human therapeutic
hypothermia in various neurological pathologies revealing that cooling for 12-48 hours

18121 1 ong periods of cooling inherently lead to systemic
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17,118,122,123

complications such as pneumonia and sepsis . In contrast, pneumonia and

septicaemia was not reported in a single experimental study included in van der

114

Worp’s meta-analysis™™". It is hard to judge whether the lack of infection in animal

studies was due to short cooling periods or whether infection was just under-reported.
In any case, the findings suggest that short-duration hypothermia, the dominant

paradigm in successful experimental studies, should perhaps be investigated clinically.

Figure 3. Point estimates of effect size on infarct size and 95% Cl by duration of ischaemia in models of
reperfusion, time to treatment, depth of hypothermia, duration of hypothermia, timing of hypothermia
and time of outcome assessment. The grey band indicates the global estimate and its 95% CI.

)11

Reproduced from van der Worp et al. (2007)"**, by permission of Oxford University Press.
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1.6 HYPOTHERMIA AND INTRACRANIAL PRESSURE

Therapeutic hypothermia has been used to decrease ICP following hepatic

124127 “ A small clinical study of MCA

encephalopathy and traumatic brain injury
infarction revealed that hypothermia (32 °C) produced a significant reduction in ICP
when compared to normothermic controls'®. This result was consistent with the
findings of Marion et al. (1997)*° and Metz et al. (1996)**%, who demonstrated similar
results in clinical randomised controlled studies of traumatic brain injury. A major
limitation of hypothermia therapy is that rewarming after 12—72 hours of cooling often
results in rebound ICP elevation with subsequent neurological deterioration. This is
more prevalent with rapid rewarming®’. The rate of rewarming after therapeutic
hypothermia in cerebral ischaemia appears to be critical for survival. Several small
clinical trials have demonstrated a detrimental rebound increase in ICP during rapid

1825 An experimental animal study by Berger et al. (2007)** demonstrated

rewarming
that a slow and controlled rewarming phase reduced infarct volume by approximately
50% when compared to a rapid, uncontrolled rewarming phase. It should be noted
that, like the majority of animal studies, hypothermia was only induced for a short
duration (4 hours). Animals were rewarmed ‘slowly’ over 2 hours, or quickly over 20
minutes, however, authors acknowledged the possibility that rewarming may have
actually resulted in brain hyperthermia. Despite convincing experimental data, short-
duration whole-body hypothermia has not been tested in humans. If there was a way

to avoid rebound ICP without the immunosuppressive effects of prolonged cooling, the

outcome of patients may be greatly improved.
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1.7 ANIMAL MODELS OF STROKE AND INTRACRANIAL PRESSURE MEASUREMENT

Animal models of ischaemia have provided a valuable contribution to the current
knowledge and understanding of the neuropathogenesis of cerebral ischaemia. Rats
and mice have very similar cerebral blood vessel anatomy to humans, and as such are
the most widely used animals in stroke models. The middle cerebral artery (MCA) is
the most commonly affected artery of acute ischaemic stroke. It is therefore the most
commonly occluded artery in experimental ischaemic stroke models®. In
experimental stroke research, the volume of infarcted tissue (often corrected for
oedema) equates to the size of the stroke. The most widespread method of MCA
occlusion in rats and mice is the intraluminal filament technique. When using the
intraluminal filament model, there are differences in infarct volumes between
different rat strains even when using identical occlusion durations™. These inter-
species differences may be explained by differences in leptomeningeal collateral
vessels supplying blood to the ischaemic penumbra, i.e. rat strains with better
collaterals have smaller strokes than rats with poor collateral supply, despite identical
occlusion durations. Because of these differences, investigators often describe the size
of the stroke (infarcted tissue) in absolute terms (mm?®) or as a percentage of the
ipsilateral or contralateral hemispheres. For example, Kotwika et al. (1991)*” defined
small and large strokes in Sprague-Dawley rats as 9-15% and 25-36% of the
contralateral hemisphere, respectively. Variations within rat strains may also be
observed. For example, infarct volumes in the Wistar rat strain are known to be

132-134

dependent on the supplier . In Wistar rats from our supplier, infarct volumes

(absolute and relative) are not as large as in Wistar rats from other suppliers, after the
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same duration of MCA occlusion. In this thesis, stroke size will be quantified and
discussed. The relative percentages of infarcted tissue will demonstrate whether the

stroke is 'small' or 'large’.

Monitoring ICP in animal models is difficult and as a result, there are no standard

135-142
d .

7

animal ICP monitoring methods. Fluid-filled systems are most frequently use
however these systems can be prone to blockages and air bubbles, potentially leading
to false ICP measurements. This is more of an issue in animal studies due to the very
fine gauge catheters required. The most common placement locations for ICP

139,143

catheters are intraventricular , intraparenchymal28'144'145, subdural®’, cisterna

138,141 |26,135,142

magna®>2*'*° Jumbar cannulation , or epidura . Two recent studies have
compared fluid-filled catheters placed in the epidural space versus intraventricular'®?
or intraparenchymal146 catheter placement and demonstrated that the correlation

between recording sites was strong142

. The intraventricular and intraparenchymal
probes however, demonstrated safety and durability issues, including an increased risk
of hydrocephalus, mechanical tissue damage and infection’*’. These issues
confounded the ICP data. The epidural placement caused less injury and thus, was the
placement of choice for subsequent studies'*®. These studies indicate that ICP
catheters placed in the epidural space are less invasive, have a lower risk of infection,

and cause less mechanical tissue damage. A solid-state probe placed in the epidural

space would provide a less invasive, safer and more reliable ICP measurement.
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1.8 RATIONALE

Following large ‘malignant’ ischaemic stroke, ICP elevation occurs, peaking 2-5 days
post-stroke. In these patients, ICP elevation over 25 mmHg is a strong predictor of
death. The effects of smaller strokes on ICP are less well known due to the invasive
nature of the ICP monitoring equipment, however in animal models of ischaemic
stroke, ICP has been shown to increase dramatically 24 hours after small stroke. The
mechanisms regulating ICP elevations following ischaemic stroke are poorly
understood. Traditional interpretation has been that cerebral oedema is the primary
contributor to ICP elevation. This assumption, however, appears to have been based
primarily on the fact that ICP changes have only been investigated in patients with
large infarct and oedema volumes. To date, no studies have directly investigated the
effects of oedema on ICP elevation. Since patients with smaller strokes have little
cerebral swelling, it has also been assumed that these patients do not have ICP
elevations. Although ICP elevations following small strokes have been reported in
animals, it has not been considered to be of great importance and thus, is not widely
known about. If this ICP rise occurs in the most commonly used animal model of

ischaemic stroke, isn’t it also likely to occur in patients with small stroke?

Elevations in ICP may be of particular importance to stroke outcome. Cerebral
perfusion, which is vital to the poorly perfused region of the ischaemic penumbra, is
governed by ICP and MAP through their effects on cerebral perfusion pressure (CPP =
MAP - ICP). Perfusion of the penumbra is only sufficient to maintain cellular survival for

a period of time — and without intervention this region is destined to die. Therefore
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even minor reductions of perfusion pressure within this region may result in a larger
region of infarction. Following stroke, perfusion to the penumbra can be partly
maintained via leptomeningeal collaterals. In a subset of patients (10-40%), these
collaterals fail. Typically, patients suffer this ‘collateral failure’ and subsequent clinical
deterioration after 1 day in hospital (i.e. 24 hours). The cause of this ‘collateral failure’
is currently unknown. Several clinical trials have attempted to improve collateral blood
flow by improving cerebral perfusion pressure. These trials have primarily focused on
improving MAP. Although CPP is regulated by both MAP and ICP, to date, no studies
have investigated ICP in relation to stroke-in-progression. ICP elevation may be a long-
unrecognised pathophysiological derangement that accounts for collateral failure and
late infarct progression. Certainly, the timing of neurological deterioration and the
failure of blood pressure manipulation studies suggests that ICP may play a role in the

‘collateral failure’ seen in stroke-in-progression patients.

Therapeutic hypothermia has been shown to improve neurological outcome following
cardiac arrest and neonatal hypoxia ischaemia, and small trials of hypothermia in
stroke have demonstrated ICP lowering effects. Currently, hypothermia is a difficult
and complicated therapeutic strategy to implement in the clinical setting. This is in part
due to the long durations in which patients are cooled. Cooling patients for 24-72
hours has risks, including a higher risk of infection and rebound ICP elevations during
rewarming. Short-duration therapeutic hypothermia following ischaemic brain injury
has been shown to significantly improve neurological outcome in experimental animal
models. Short-duration hypothermia is, by far, the most common paradigm used in

experimental stroke, demonstrating overwhelming neuroprotective efficacy. In the
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clinical setting, short-duration hypothermia would be easier to implement and would
be less likely to result in serious complications. Despite this, short-duration

hypothermia has never been tested in human stroke.

Understanding the mechanisms of intracranial pressure regulation and therapeutic
hypothermia may contribute to improvements to the implementation and clinical
testing of the most promising new therapeutic approach for stroke, and thereby

prevent disability and save lives.
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CHAPTER 2

RESEARCH AIMS AND HYPOTHESES

RESEARCH AIMS

1. To develop a reliable method for intracranial pressure measurement in the rat

2. Toinvestigate the relationship between intracranial pressure and cerebral
oedema following small ischaemic stroke.

3. To determine the effects of short-duration therapeutic hypothermia on
intracranial pressure following ischaemic stroke.

4. To determine whether intracranial pressure rise causes collateral blood flow

reduction.

HYPOTHESES

1. The use of an epidural fibre-optic pressure transducer is a reliable method for
repeated intracranial pressure measurements in the rat.

2. Intracranial pressure increases 24 hours after small ischaemic stroke and a brief
duration of hypothermia, administered shortly after stroke, will prevent this
intracranial pressure elevation.

3. Cerebral oedema is not the primary contributor to intracranial pressure
elevation post-stroke.

4. Intracranial pressure elevation causes collateral blood flow reduction.
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CHAPTER 3

PUBLICATION 1

Murtha L, McLeod D, Spratt N. Epidural intracranial pressure measurement in rats

using a fiber-optic pressure transducer. J Vis Exp. e3689, doi:10.3791/3689. (2012).

3.1 INTRODUCTION

Intracranial pressure (ICP) rises to levels detrimental to health following a number of
neurological conditions including stroke. The measurement of ICP, however, is difficult
and invasive. In the clinical setting, intraventricular cannulation is considered the ‘gold
standard’. The invasiveness of this procedure limits its use to those with large
‘malignant’ strokes. These limitations have hindered further understanding of ICP
regulation. Consequently, there are few treatment options available for patients with
elevated ICP. Although epidural cannulation is less invasive, this measurement has
been shown to be less reliable in humans. This is most likely due to the previous use of
older ICP pressure transducer technologies that suffer from signal drift when the
catheter pressure sensor dries out; a situation which may occur with epidural
placement of ICP catheters in humans. Furthermore, several recent studies have
demonstrated good correlation  between  epidural measurement and
intraventicular/intraparenchymal measurement in the rat, and noted less mechanical
tissue damage with the epidural placement. To better understand the mechanisms
underlying ICP elevation post-stroke and to develop viable treatments, a minimally
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invasive and reliable animal model of ICP measurement that allowed for repeated

measurements over time was needed.

The development of the following method originated from L. Murtha’s honours

project, 2010. The method was then refined and improved, and the following

publication conceptualised, written and edited as part of L. Murtha’s PhD candidature.
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3.2 CONTRIBUTIONS

“As co-authors of the paper: Murtha L, McLeod D, Spratt N. Epidural intracranial
pressure measurement in rats using a fiber-optic pressure transducer. J Vis Exp. e3689,
doi:10.3791/3689. (2012), we confirm that Lucy Murtha has made the following
contributions: 50% conception and design of research; 50% experimental procedures;
50% analysis and interpretation of the findings; 70% writing of the paper and critical

appraisal of content.”

Dr Damian McLeod

Signed Date: 05.08.2014

Dr Neil Spratt

Signed Date: 04.08.2014

FACULTY ASSISTANT DEAN (RESEARCH TRAINING)

Professor Robert Callister

Signed Date: 03.09.2014
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CHAPTER 4

PUBLICATION 2

Murtha L, McLeod D, McCann S, Pepperall D, Chung S, Levi C, Calford M, Spratt N.
Short-duration hypothermia after ischemic stroke prevents delayed intracranial

pressure rise. Int J Stroke. 9, 553-559, do0i:10.1111/ijs.12181. (2014).

4.1 INTRODUCTION

Intracranial pressure (ICP) has been shown to rise dramatically following large
ischaemic stroke; however the mechanisms behind ICP elevation post-stroke are
poorly understood. Typically in large stroke, ICP peaks at 2-5 days. ICP is not routinely
monitored in patients with small stroke; however ICP elevations at 24 hours have been
shown following small experimental stroke. Hypothermia has been shown to decrease
elevated ICP following several neurological disorders, including in several Phase Il
stroke clinical trials. These studies used long durations of cooling (24-72 hours), and
often encountered problems of systemic infection and rebound ICP elevation during
patient rewarming. Long-duration hypothermia typically requires admission into an
intensive care unit (ICU). Although successful hypothermia studies have been
conducted in cardiac arrest and neonatal hypoxia ischaemia patients, it should be
noted that these patients are already admitted into ICU facilities, whereas stroke
patients in the majority of hospitals are not. This severely limits the number of patients
recruited into hypothermia stroke trials. In stark contrast to the clinical paradigm,
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short-duration hypothermia has shown overwhelming evidence of neuroprotection in
animal models of stroke. In the clinical setting, short-duration hypothermia would be
safer, easier to implement and potentially more widely applicable. Despite this, short-

duration hypothermia has not been tested in humans.

Pilot studies were initially conducted to investigate rebound ICP following short-
duration cooling. This study used a strain of rat not previously used by our laboratory.
The result that an inadvertent small stroke caused dramatic ICP elevations was not
anticipated. This finding is investigated further in this publication. The aim of this study
was to investigate whether short-duration hypothermia, administered shortly after
stroke (before ICP is elevated), would prevent ICP elevation at 24 hours following small
ischaemic stroke in rats using the method of epidural ICP probe placement developed

in the previous publication.

The initial experiments of this publication were conducted as the basis of L. Murtha’s
honours project, 2010. The majority of the experiments and data analysis were
completed for L. Murtha’s PhD candidature. The following publication was

conceptualised, written and edited as part of L. Murtha’s PhD candidature.
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4.2 CONTRIBUTIONS

“As co-authors of the paper: Murtha L, McLeod D, McCann S, Pepperall D, Chung S,
Levi C, Calford M, Spratt N. Short-duration hypothermia after ischemic stroke prevents
delayed intracranial pressure rise. Int J Stroke. 9, 553-559, do0i:10.1111/ijs.12181.
(2014), we confirm that Lucy Murtha has made the following contributions: 50%
conception and design of research; 50% experimental procedures; 70% analysis and
interpretation of the findings; 60% writing of the paper and critical appraisal of

content.”

Dr Damian McLeod

Signed Date: 05.08.2014

Dr Sarah McCann

Signed Date: 04.08.2014

Mrs Debbie-Gai Pepperall

Signed Date: 07.08.2014
Mrs Sun Young Chung
Signed Date: 06.08.2014
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Dr Christopher Levi

Signed Date: 04.08.2014

Dr Mike Calford

Signed Date: 05.08.2014

Dr Neil Spratt

Signed Date: 04.08.2014

FACULTY ASSISTANT DEAN (RESEARCH TRAINING)

Professor Robert Callister

Signed Date: 03.09.2014
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CHAPTER 5

PUBLICATION 3

Murtha L, MclLeod D, Beard D, Pepperall D, McCann S, Tomkins A, Holmes W, McCabe
C, Macrae |.M, Spratt N. Intracranial pressure elevation following ischemic stroke in
rats: Cerebral edema is not the only cause, and short-duration mild hypothermia is a

highly effective preventive therapy. Submitted to JCBFM - Awaiting Review. (2014).

5.1 INTRODUCTION

Scientific interpretation of intracranial pressure (ICP) regulation has traditionally been
that cerebral oedema is the primary cause of ICP elevation post-stroke. | have
demonstrated in the previous publication, however, that ICP was dramatically
increased following small ischaemic stroke despite relatively small oedema volumes. In
fact, the data revealed that the animals with the largest oedema volumes, actually had
some of the smallest ICP values, and those with the smallest oedema volumes had
some of the highest ICP values. If a mechanism other than oedema is the primary
cause of ICP elevation at 24 hours post-stroke, a fundamental rethink of ICP regulation
following stroke is needed. It would also have potential implications for other
neurological pathologies in which ICP elevation is common. Since this hypothesis
challenges more than a century of accepted scientific wisdom, further investigations

into the relationship between oedema and ICP elevations are needed.
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Data in Publication 2 also indicated that cooling the core temperature to 32.5 °C
prevented the subsequent rise in ICP. The effect size between the normothermic and
hypothermia-treated groups was enormous. Short-duration hypothermia appears to
act in a ‘switch-like” manner, in which cooling for only 2.5 hours prior to ICP elevation,
completely prevented the dramatic increases seen at 24 hours in the normothermic
group. In the clinical setting, therapeutic hypothermia is typically induced over a
period of 24-72 hours. Cooling for these longer durations increases the risk of
infection, such as pneumonia. The data in Publication 2 suggested that short-duration
moderate hypothermia was an effective ICP preventative treatment in rats. Cooling to
32.5 °C, however, is difficult in stroke patients. Shivering thermogenesis in humans is
highly efficient, and prevents subsequent cooling. This is the major reason that
sedation is needed in these patients. The issue with sedating stroke patients is that it
increases the risk of pneumonia in an already high-risk population. Shivering tends to
occur at core temperatures below 35 °C. If a short duration of mild hypothermia (35
°C) was all that was needed to prevent ICP, therapeutic hypothermia may become an
easy, safe and effective treatment post-stroke. Understanding the fundamental
mechanisms of post-stroke ICP elevation and the preventative effects of short-
duration hypothermia is important in developing potential stroke treatments. The two
aims of this study were therefore to determine the importance of cerebral oedema in
ICP elevation post-stroke and to determine whether short-duration mild hypothermia

prevents this ICP elevation.

48



5.2 CONTRIBUTIONS

“As co-authors of the paper: Murtha L, MclLeod D, Beard D, Pepperall D, McCann S,
Tomkins A, Holmes W, McCabe C, Macrae |.M, Spratt N. Intracranial pressure elevation
following ischemic stroke in rats: Cerebral edema is not the only cause, and short-
duration mild hypothermia is a highly effective preventive therapy. Submitted to
JCBFM - Awaiting Review. (2014), we confirm that Lucy Murtha has made the following
contributions: 50% conception and design of research; 95% experimental procedures;
70% analysis and interpretation of the findings; 70% writing of the paper and critical

appraisal of content.”

Dr Damian MclLeod

Signed Date: 05.08.2014

Mrs Debbie-Gai Pepperall

Signed Date: 07.08.2014

Dr Sarah McCann

Signed Date: 04.08.2014

Mr Daniel Beard

Signed Date: 04.08.2014
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Figure 1. Study I - moderate hypothermia (32.5 °C), Wistar rats A. Intracranial pressure (ICP) O - 3.5 hours
and 24 - 25 hours post-stroke in hypothermia-treated (open circles) and normothermia (closed circles)
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Cerebral perfusion pressure (CPP). CPP was calculated as arterial pressure minus ICP C. Brain-water content
measured with wet-dry weight calculations for ipsilateral and contralateral hemispheres in hypothermia-

treated (open circles) and normothermia (closed circles) animals. A. and B. data plotted as mean = SD. C.

Individual animals, mean + SD. *p < 0.0001, for t-tests between respective hypothermia (open circles) and
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Figure 5. Change in intracranial pressure (ICP) versus infarct volume (%HLV), cerebral edema volume
(%HLV), and neurological score. Study I is represented by triangles; Study II is represented by squares;
Study III is represented by circles. Normothermia closed shapes, hypothermia open shapes. To account for
minor differences in baseline ICP between Wistar and Sprague-Dawley rats, data are presented as (delta)
ICP. No significant correlation of ICP with infarct volume (%HLV), edema volume (%HLV) or neurological
deficit scores was seen in any study: A. Normothermia: r2 = 0.01, p = 0.68; hypothermia: r2 < 0.01, p =
0.98. B. Normothermia: r2 = 0.09, p = 0.15; hypothermia: r2< 0.01, p = 0.79. C. Normothermia: r = 0.38,

p = 0.06; hypothermia: r = -0.02, p = 0.95.
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CHAPTER 6

PUBLICATION 4

Beard D, McLeod D, Logan C, Murtha L, Imtiaz M, van Helden D, Spratt N. Intracranial
pressure elevation reduced flow through collateral vessels and the penetrating
arterioles they supply. A possible explanation for ‘Collateral Failure’ in Stroke-in-

Progression. Submitted to JCBFM - Awaiting Review. (2014).

6.1 INTRODUCTION

| have demonstrated in the previous publication that oedema cannot be the sole
mechanism responsible for ICP elevation after small experimental ischaemic stroke.
These data raise the important question- if ICP elevation also occurs in patients with

small strokes, does it matter?

A subset of ischaemic stroke patients who initially present with minor symptoms,
deteriorate 24-48 hours post-stroke, as outlined in Chapter 1. This neurological
deterioration, known as stroke-in-progression, has recently been linked to a decline in
the function of the leptomeningeal collateral vessels which supply blood to the
ischaemic penumbra. To date, the cause of ‘collateral failure’ in this subset of patients
is unknown. Although a good collateral supply has been linked to better outcome post-
stroke, the functional dynamics of these vessels before, during and after stroke are still

poorly understood. Furthermore, there is conflicting data in experimental literature as
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to the flow dynamics of the collateral vessels and penetrating arterioles, and very little
data investigating the importance of diameter versus blood flow velocity.
Understanding the fundamental dynamics of collateral blood flow is essential to

further develop therapies for stroke-in-progression patients.

Under normal circumstances cerebral blood flow is controlled by local autoregulation.
Within the ischaemic penumbra these autoregulatory mechanisms progressively fail
and cerebral perfusion via collateral blood vessels becomes cerebral perfusion
pressure (CPP) dependent (CPP = MAP — ICP). Current therapies aimed at improving
collateral circulation post-stroke have focused primarily on manipulating blood
pressure. The ICP factor of the equation has largely been neglected. | have
demonstrated in Publications 2 and 3 that ICP was dramatically elevated at 24 hours
post-stroke and thus CPP was reduced to detrimental levels (CPP = 50-55 mmHg).

Furthermore, the clinical data obtained for the CATCH studygl'84

strongly highlighted
the similarities in timing between the ICP elevation seen in our stroke model and
clinical deterioration in stroke-in-progression, i.e. 63% of patients with stroke-in-
progression deteriorated on their first full day in hospital. Direct evidence that ICP
elevation causes collateral blood flow reduction would provide a new mechanism to
explain stroke-in-progression, a problem that has caused great angst amongst treating
doctors for many years. The aims of this study were therefore, to determine the

dynamics of collateral vessels post-stroke and to determine the effect of ICP elevation

on collateral vessel blood flow.
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CHAPTER 7

DISCUSSION

The results that | have demonstrated in this thesis are both novel and potentially very
important for the outcome of future stroke patients. Firstly, using the epidural, fibre-
optic intracranial pressure (ICP) measurement developed for this project, | showed
that ICP was dramatically elevated at 24 hours following minor strokes; this result was
confirmed in three strains of rat and raises the possibility that a similar rise might be
occurring in patients with small strokes. Secondly, | showed that cerebral oedema was
not the primary mechanism involved in ICP elevation post-stroke; this result was
confirmed using three different methods of oedema calculation and challenges almost
a century of scientific wisdom about ICP elevation post-stroke. Thirdly, | showed that
this rise in ICP was completely prevented following short-duration mild and moderate
hypothermia induced shortly after stroke; this result raises the possibility that short-
duration, mild hypothermia may be a safer, easier and more effective method of
cooling than the long durations that are currently induced in clinical trials. Finally, |
demonstrated that collateral blood flow was dramatically increased following stroke
and that a strong inverse correlation was seen between ICP elevation and collateral
blood flow reduction; this result suggests that ICP elevation is the likely cause of the

‘collateral failure’ seen in stroke-in-progression patients.
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Epidural, fibre-optic ICP measurement is more reliable and safer than previous

experimental models.

Very few animal studies have investigated ICP post-stroke. It is likely that this is largely
due to the difficulty in measuring ICP in rats as well as the mechanical tissue damage
that results from existing techniques. In this thesis, | demonstrated that ICP could be
easily and reliably measured in rats over multiple days without tissue damage or loss
of signal fidelity. The fact that the ICP probe can be removed and reinserted multiple
times is important in stroke research. Clinical and animal studies suggest that ICP

%19 'In order to measure baseline ICP pre-stroke as

elevates 24-48 hours post-stroke
well as serial measurements post-stroke, the ability to re-insert the ICP probe multiple
times is an important factor. In the clinical setting, intraventricular placement of ICP
probes is considered ‘gold standard’. Similar to our method, this involves the insertion
of a hollow screw into the skull in which an ICP probe is inserted. Although
intraventricular placement is invasive, with a higher risk of infection, it is commonly
used in the clinical setting for its secondary purpose of removing cerebrospinal fluid
(CSF) to reduce ICP. In animal models, removal of CSF is often not performed. Two
recent studies have demonstrated that epidural placement of ICP probes correlates
strongly with intraparenchymal*®® and intraventricular**? placement and was shown to
have a lower risk of hydrocephalus and infection. ICP elevation is an important
complication of multiple neurological diseases and this technique has the potential to
be used in many models of ICP measurement. The development of an easy, reliable

and ‘safe’ measurement of ICP in rats may allow for greater research into the currently

understudied area of ICP regulation following neurological injury.
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ICP is dramatically elevated following small stroke

The dramatic ICP rise that was seen in Publications 2 and 3 was observed despite small
infarct sizes. As mentioned in Chapter 1, little is known about ICP dynamics in patients
with small strokes; however it is assumed that these patients do not have an ICP rise.
The counterintuitive nature of the ICP response is perhaps the reason such a seemingly
basic, yet crucial pathophysiological response has passed unnoticed until now — almost
no-one had thought to look. Without direct measurement, elevated ICP is hard to
diagnose. The clinical signs of increased ICP are minimal. Headache is a common
complaint following stroke and papilloedema (optic disk swelling) takes days to
develop. Although thousands of animal studies have investigated various sizes of
stroke, including small strokes, very few have concurrently measured ICP. A study from
Kotwica et al. (1991)*” demonstrated an ICP peak in Sprague-Dawley rats at 24 hours
after small stroke. Interestingly, the magnitude of the ICP peaks recorded in this study
were far less than the ICP elevations seen in our study using Sprague-Dawley rats (10-
15 mmHg vs. 60 mmHg, respectively) despite similar infarct sizes (9-15% vs. 21%;
percentage of contralateral hemisphere). Even following large strokes (25-36%;
percentage of contralateral hemisphere), Kotwica demonstrated an ICP peak far less
than that shown in our small strokes. This was also seen in the Silasi et al. (2009)%°
study, which recorded an average of 25 mmHg at 24 hours following large stroke
(infarct 228 + 36 mm?; approximately 45% of contralateral hemisphere) in Sprague-
Dawley rats. Differences in ICP measurement techniques may explain the differences
in ICP magnitude between the studies. Both Kotwica and Silasi measured ICP for 5-15

days post-stroke. Preliminary ICP telemetry studies from our laboratory have
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suggested that without a very tight and reliable seal around the catheter, CSF can leak
from the system, resulting in ICP recordings that are falsely low. It is therefore
plausible that levels of ICP elevation in these studies were slightly higher than actually

reported.

| have convincingly demonstrated that ICP is dramatically elevated at 24 hours after
small stroke, and raises the possibility that ICP may in fact increase in patients with
small infarct volumes. Since ICP has a direct relationship to cerebral perfusion pressure
(CPP = Mean arterial pressure - ICP), even minor changes in ICP may have potentially
detrimental effects on perfusion to the CPP-dependent ischaemic penumbra. It has
been shown that an ICP >25 mmHg is detrimental to outcome following large

stroke®®?°

. If the same mechanism is occurring in small stroke, neurological outcome
could be affected. There is also an argument of biological plausibility. It is now known
that major pathophysiological responses to stroke that were identified in rodents,
were preserved in humans once the required studies were performed. Cortical
spreading depression is an illustrative example. Despite scepticism amongst clinicians
for many years, once the necessary study was performed in humans, it exactly

W Similarly, it was long thought that the efficacy

replicated the experimental findings
and safety data of rodent model thrombolysis (tPA) studies could not be directly
translated. A meta-analysis investigating these factors actually demonstrated empirical

evidence that animal models of tPA post-stroke can yield similar results to clinical

trials. It is therefore plausible that ICP is elevated in patients with small strokes.
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Cerebral oedema is not the only cause of ICP elevation

| have demonstrated in Publications 2 and 3 that a mechanism other than oedema is
the primary mechanism involved in ICP elevation seen post-stroke in these rats. This
result challenges nearly a century of accepted wisdom, however, on review of the
experimental and clinical literature, there are no studies demonstrating a direct
causative relationship between oedema and ICP elevation post-stroke. One
experimental study demonstrated an increase in cerebral oedema and ICP over 24
hours following large stroke, however, since ICP and oedema were performed in
different animal cohorts, no direct correlation was reported®. Certainly, following
large ‘malignant’ ischaemic strokes, cerebral oedema and mass effect are common, as
is increased ICP. In these patients it should be asked- what came first, the chicken or
the egg? A small clinical study actually demonstrated that brain herniation preceded
dramatic ICP elevations post—stroke16 and another demonstrated that only 5 of 19
‘malignant’ stroke patients had severe ICP elevations™. The assumption that cerebral
oedema is the primary cause of ICP elevation post-stroke seems to be due to the fact
that ICP changes have only been investigated in patients with large strokes and large

volumes of oedema’**>*®

. Understanding the fundamental mechanisms driving ICP
elevation is important not only for stroke, but potentially for many other neurological
conditions in which increased ICP is a complication. If a factor other than oedema is
contributing to ICP elevation, research into this area could provide further insight into

the scientific knowledge of these conditions. A better understanding of the basic

factors governing ICP elevation may also reveal pathophysiological factors that have
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gone unnoticed until now, which may potentially lead to alternative, much needed,

treatments.

If ICP is elevated in patients with small strokes and minimal oedema, another
mechanism must be responsible. So the question remains, if cerebral oedema is not
responsible for ICP elevation post-stroke- what is? According to the Monro-Kellie

. 474
doctrine*’*®

, if cerebral oedema is not driving ICP elevation, it is likely that cerebral
blood volume (CBV) or CSF is playing a key role. CBV and CSF are not factors that have
been thought to be linked to increased ICP post-stroke, and so there are few studies
investigating these parameters. CBV has been linked to increases in ICP in other
pathological conditions, as explained in Chapter 1, and is most commonly the result of
venous obstruction. A simple method to determine if CBV changes are involved in ICP
elevation post-stroke would be to perform serial perfusion computed tomography
scans before and after stroke. In humans, the contrast medium used to perform these
scans is toxic, and thus, is used sparingly. An animal model would be preferable, and
these studies are currently underway in our laboratory. CSF may also play a role in ICP
elevation. Increased CSF volume, either by increased CSF production or decreased CSF
absorption, as well as changes in CSF composition may be important factors in ICP
regulation. To date, these factors have not been investigated post-stroke in relation to
ICP. Investigating these factors in vivo is inherently difficult. In humans, CSF dynamics
are difficult to quantify, and in rodents the volumes of CSF are minute. Our laboratory
has developed several methods to investigate these factors. Firstly, using a low

viscosity casting resin injected into the lateral ventricles of the rat, CSF volume can be

compared in stroke and non-stroke animals. Secondly, using contrast-enhanced
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perfusion CT scans (see Appendix), CSF dynamics can be visualised in vivo and changes
between stroke and non-stroke determined. Finally, by transfusing CSF from a stroke
rat into a naive control rat, it can be determined if changes in CSF composition affect
ICP elevation. These exciting studies are currently underway. Investigating the
fundamental biology is essential to understanding the role of this unknown ICP
elevating mechanism in neurological disease and to the development of alternative

therapeutic approaches.

Short-duration hypothermia prevents ICP rise

The effect size that was seen between hypothermia-treated and normothermic
animals in Publications 2 and 3 was enormous. Both moderate and mild hypothermia
acted in a ‘switch-like’ manner to completely prevent the dramatic ICP elevations seen
in normothermic animals. Such a profound effect is highly unusual in biology and has
potentially important clinical implications. The current paradigm in clinical

d**** A common

hypothermia is to lower ICP many hours after it has already increase
mantra in stroke research is ‘time is brain’ — the longer it takes to treatment onset, the
further the unsalvageable core will expand into the ischaemic penumbra. When it
comes to thrombolysis treatment, data has shown that earlier treatment is associated
with bigger proportional benefits''. Why then, do the majority of clinical studies delay
hypothermia until ICP is already elevated (and infarct has expanded)? The exciting
prospect of this study is that ICP was not affected during the short duration of cooling,

but instead prevented the rise from occurring in the first place. What is so surprising is

that such a short duration of cooling could have such a long-lived and profound effect,
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exerting preventative effects 20 hours before the rise was seen in non-cooled animals.
Moreover, cooling before ICP was elevated prevented any increase in ICP during

rewarming.

To date, no short-duration hypothermia studies have been conducted in humans. The
idea that ‘less is more’ is counterintuitive. However, it may not be so surprising when
the history of hypothermia is considered. Although hypothermia has been known to
cause death since the time of Hippocrates, “cold causes fits, tetanus, gangrene and
feverish shivering fits ... Cold is bad for the bones, teeth, nerves, brain and the spinal

cord 7148

, the knowledge that hypothermia was protective came about many
centuries later with the observation of soldiers with battle wounds in cold countries. It
was assumed that since these soldiers survived their wounds following extreme
hypothermia - colder must be better. Thermometers, however, were not a common
clinical tool until the mid-19"" century and once utilised in the clinical setting, with the
invention of evidence-based medicine, it became apparent that moderate

hypothermia was safer and more effective than deep hypothermia. Could it not be

possible then, that shorter is also safer and more beneficial than longer hypothermia?

Translation of therapeutic hypothermia into the clinical setting is the ultimate goal of
this research. Before that is feasible, however, more experimental studies need to be
conducted. Determining the optimal dose, duration, time-window and induction
method of hypothermia is of vital importance for successful translation from bench to
bedside. In humans, dose and duration data is lacking. Several small clinical trials have

suggested that surface cooling to 33-35 °C in awake stroke patients for >24 hours is

134



feasible and safe'”*®*° however these studies were too small to provide reasonable
efficacy data. Despite overwhelming animal data indicating that short-duration cooling
is effective, the vast majority of hypothermia trials cool for 24-72 hours or longer.
There is also no clinical data regarding a treatment time-window in stroke, although a
trial in cardiac arrest patients demonstrated improved outcome out to 8 hours®.
Although no other experimental studies have investigated hypothermia and ICP post-
stroke, the results of this thesis have mirrored the results of the van der Worp et al.
(2007) meta-analysis'**, which suggested that cooling to 35 °C before or shortly after
stroke for less than 6 hours is beneficial for infarct reduction. An interesting
phenomenon that | demonstrated in Publication 3 was the suggestion of a small ICP
rise at 24 hours in the mild hypothermia-treated animals (35 °C). This elevation was
not statistically significant (~*5 mmHg increase) and the effect size between the
hypothermia-treated and normothermic animals was still large (~20 mmHg between
groups at 24 hours), but the data suggests that cooling to 35 °C may be close to the
limit for the ‘switch-like’ effect. If a short duration of mild cooling, induced shortly
after stroke, were all that is needed to prevent ICP rise and further neurological
deterioration, the application in the clinical setting would be much easier. Without the
need for intensive care, this modality could become widespread, greatly increasing the

number of patients that could benefit from this exciting treatment.

There are typically two ways of inducing hypothermia: surface and endovascular
cooling. Our studies, like the majority of animal studies, demonstrated benefit with the
use of surface cooling. Data that directly compares the efficacy of the two methods is

lacking in both the clinical setting and experimental studies. To date, the only
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successful large-scale clinical trials have all used the non-invasive method of surface

%992 " Although endovascular cooling is invasive, it is a faster method of

cooling
hypothermia induction than surface cooling and is better tolerated by patients, and
thus, has become a popular cooling method. However, there is no data to date to
suggest that endovascular cooling provides better outcomes post-stroke. Some
physiological responses, such as shivering, are linked to skin temperature rather than
to body core temperature. Our more recent pilot data shows prevention of ICP
elevation with short-duration skin cooling. An intriguing thought that arises from this
data is the possibility that it is the drop in skin temperature rather than the drop in
core temperature that may be the mechanism involved in preventing ICP. Of course,
this hypothesis requires further pre-clinical testing, however if skin cooling does

prevent ICP the clinical implications would be huge. The use of hypothermia in the

clinical setting would become very easy, cheap and very widely accessible.

It is clear that for hypothermia to become a widely used therapeutic modality in the
clinical setting, further investigations into dose, duration, time-window and induction
methods are needed. The translation of these results into the clinical setting, however,
may not be direct, since humans take much longer to cool/rewarm than rodents.
Stroke research does not currently have a good record of translation from bench to
bedside’. To combat this, the STAIR guidelines suggest, amongst other things, that
experimental efficacy is obtained in multiple species. To translate experimental

hypothermia more effectively, it may be wise to investigate these factors in a larger

150,151 152,153 154,155

animal model of ischaemic stroke, such as primates , canines or sheep

Conducting dose and duration response experiments and delaying cooling by several
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hours in a larger animal model of stroke, may give further and potentially more

translatable insight into the effects of hypothermia on ICP.

Leptomeningeal collateral blood flow is increased following stroke but reduced by

increases in ICP

In Publication 4, | demonstrated that leptomeningeal collateral blood flow increased by
> 450% following the occlusion of the middle cerebral artery and that incremental
increases in ICP significantly reduced this flow. The correlation between ICP increase
and collateral blood flow was strong. This data, coupled with the data of Publications 2
and 3, which demonstrated large ICP increases following small strokes, suggests that
ICP elevation plays a key role in the ‘collateral failure’ that is seen in a subset of
ischaemic stroke patients with stroke-in-progression. This result may potentially have a
huge impact on the outcome of these patients; however there are still questions that

remain unanswered.

Does naturally occurring ICP elevation reduce collateral flow and penumbral perfusion
post-stroke? | demonstrated a strong inverse relationship between artificial ICP
elevation and collateral blood flow in Publication 4. Until recently, it was assumed that
patients suffering from stroke-in-progression showed initial clinical improvement due
to spontaneous reperfusion and that the subsequent deterioration was the result of a
reformation of the clot. Very recent imaging data strongly suggests that the vessel
does not recannalise and that the deterioration may be the result of leptomeningeal

83-85

collateral blood vessel failure®™°. The cause of this ‘collateral failure’ is currently
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unknown; however, based on the data presented in this thesis, ICP elevation seems to
play a critical role. It is therefore important to confirm that the natural rise in ICP that
is seen post-stroke results in a similar decline in collateral flow and perfusion of the
ischaemic penumbra. As mentioned above, there have been multiple examples of
pathophysiological stroke response preservation between rodents and humans. If
natural ICP elevation reduces collateral flow in rats, it may be likely that the same
response is occurring in man. This could revolutionise the understanding of stroke-in-

progression and greatly improve the potential for treatment.

Does preventing ICP elevation with short-duration hypothermia also prevent collateral
blood flow reduction? There are currently no available treatments for patients
suffering from stroke-in-progression. Due to the potentially mistaken interpretation of
the pathophysiology, patients are still commonly treated with anticoagulants such as
heparin. In Publications 2 and 3, | demonstrated that a short duration of hypothermia
completely prevented the dramatic elevation in ICP that was seen post-stroke. The
obvious extension to these results is to determine whether preventing the ICP
elevation with short-duration hypothermia also prevents the reduction in collateral
flow and cerebral perfusion. These studies, which are currently in the pilot study stage,
may provide the first direct evidence that naturally occurring ICP elevation post-stroke
causes collateral flow reduction and that a relatively cheap, simple and safe treatment

of short-duration hypothermia might prevent this phenomenon from occurring.

Does ICP elevation cause infarct expansion? Several international teams have reported

imaging findings from stroke patients indicating that ‘failure’ of collateral vessels is the
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main cause of infarct expansion. Although collateral failure has been associated with
neurological deterioration, the possibility that collateral flow reduction is an effect of
infarct expansion, rather than the cause has not been excluded. | hypothesise, based
on data presented in this thesis, that ICP elevation is the major contributor to this
‘collateral failure’. Therefore, investigating whether increases in ICP result in infarct
expansion using serial magnetic resonance imaging in rats, will provide the first direct
evidence that infarct expansion occurs as a result of ICP elevation. If confirmed, it
would represent a radical rethinking of the causes of stroke-in-progression and would
also have clear and immediate therapeutic implications (short-duration hypothermia).
Successful investigations of these factors will allow greater insight into the enigmatic

condition of stroke-in-progression.

Currently there is no way to know if a patient with minor stroke will go on to develop
stroke-in-progression. If the studies outlined above demonstrate that ICP elevation
results in infarct expansion, then measuring ICP in patients with minor stoke may be
key to detecting early changes in these patients. There is currently no available data
regarding ICP in patients with minor stroke and unless a reliable non-invasive measure
of ICP measurement becomes available, such data is likely to remain unobtainable for
ethical reasons. Transcranial Doppler ultrasound, tympanic membrane displacement,
and ocular measurements are non-invasive techniques that are currently being
investigated™®*®!, however further development of these techniques is required. Non-
invasive ICP measurement would allow ICP data to be collected in a range of patients
and may provide valuable insight into the mechanisms involved in stroke, stroke-in-

progression, and multiple other neuropathologies in which ICP elevation is a
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complication. The concepts that ICP may rise after minor stroke (regardless of
oedema), that short-duration hypothermia may prevent this rise and that such a rise
could be the cause of collateral failure and contribute to stroke-in-progression are all

radically new, and further clinical and pre-clinical investigations are imperative.
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CHAPTER 8

CONCLUSIONS

The data in this thesis have demonstrated several novel, important, and paradigm-

shifting results:

1. Intracranial pressure can be reliably and repeatedly measured using a fibre-
optic pressure transducer placed above the dura in the rat.

2. Intracranial pressure is dramatically elevated 24 hours following small
experimental ischaemic stroke.

3. Cerebral oedema is not the primary mechanism causing this intracranial
pressure elevation.

4. A short duration of mild and moderate hypothermia, induced shortly after
stroke (many hours before intracranial pressure is elevated), completely
prevents intracranial pressure rise at 24 hours.

5. Leptomeningeal collateral blood flow increases significantly following
experimental ischaemic stroke.

6. Intracranial pressure elevations significantly reduce leptomeningeal collateral

blood flow.

These findings may have big clinical implications. They suggest that ICP may be
elevated not only in large strokes as previously thought, but also in patients with
smaller strokes (which make up the majority of stroke patients). They also suggest that
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this rise is not the result of cerebral oedema like previously assumed, but that other
factors may be involved. This mechanism may be important not only in stroke, but
perhaps also in other neurological conditions. These results suggest that a major
rethink of ICP regulation post-stroke is needed. The finding of a sustained effect on ICP
resulting from a brief period of mild hypothermia may eliminate the problems of
rewarming injury resulting from ICP elevation and revolutionise and extend the
application of hypothermia, which is the only neuroprotective therapy with proven
benefit in human brain ischaemia. Because of its relative simplicity (compared to long-
duration hypothermia), short-duration hypothermia is a much more appealing
alternative treatment approach in the relatively large number of patients in whom
thrombolysis is currently contraindicated, or as an adjunct treatment for the
substantial number of patients in whom reperfusion is unsuccessful. Lastly, | have
shown here that ICP elevation is the likely mechanism involved in the ‘collateral failure’
seen in stroke-in-progression patients. This is a potentially new pathophysiological
mechanism to explain a problem that has caused great angst amongst treating doctors
for many years. The outcomes of this research are important both in terms of
increasing understanding of human disease and in terms of potential therapeutic
application. This evidence warrants a rethink of current approaches to treatment of
stroke. | anticipate that the outcomes of these studies will ultimately save lives and

prevent severe disability in patients suffering from stroke.
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