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 ABSTRACT 

 

Intracerebral Haemorrhage (ICH) is a devastating complication of acute ischemic 

stroke (AIS) treatment with no known effective management protocols. The need 

to identify patients at risk of developing this condition is becoming increasingly 

recognized among the stroke community. Computed tomography perfusion (CTP) 

is a powerful diagnostic imaging tool that measures blood flow in the brain. This 

tool can also be used to provide information regarding the integrity of the blood-

brain barrier (BBB). Severe brain ischemia and consequent disruption of the BBB 

are probable mechanisms for why ICH occurs after AIS treatment. The goal of my 

research is to investigate the potential role of CTP primarily and other imaging 

and clinical parameters in predicting ICH secondary to AIS treatment in patients.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Introduction 

 Stroke is one of the primary causes of long-term disability and is currently the 

fourth leading cause of death globally1, 2. Often occurring with little or no warning, the 

consequences of stroke can be devastating to patients and their families. As a result, the 

fear of a severe disabling stroke is often greater than the fear of death in victims of this 

disease1. Despite the fact that there has been a decline in stroke mortality from 2003-

2013, each year in Canada, there is an estimated 62,000 strokes, with one-third of those 

resulting in death3-6. More alarmingly, there has been an increase in the number of 

strokes occurring in younger adults (<50 years old), resulting in a population of “young 

strokes”7. Globally, there has been an overall decrease in stroke-related deaths, but the 

socioeconomic burden of long-term stroke care and treatment is still high and continues 

to rise8, 9. The American Heart Association and American Stroke Association have 

predicted a staggering 129% increase in financial burden of this disease by 2030 in the 

US alone if stroke care and treatment are not improved10, 11. Prevention is the ultimate 

goal, as with any disease, but until this can be fully achieved, acute treatment and long-

term care will remain the focus for caregivers and researchers alike.  

 

1.2 Stroke Pathophysiology 

 Stroke is characterized by the rapid onset of neurological worsening due to 

a disturbance of blood flow within the brain. This disturbance can manifest as 
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cerebral ischemia, primary ICH, or subarachnoid haemorrhage (SAH)12.  Ischemic 

stroke is caused when there is a reduction in blood flow to the brain, primarily due 

to a blood clot, which blocks a brain artery. Primary ICH is bleeding into the brain 

tissue as a result of a ruptured artery that then causes damage to surrounding brain 

parenchyma13. SAH is bleeding into the tissue layers that surround the brain and 

consequently cause damage to brain tissue through multiple mechanisms14. 

Worldwide, ischemic stroke accounts for 2/3 of all strokes, with primary ICHs 

and SAHs representing the remaining 1/315. My study focuses on ischemic stroke 

and the prediction of a debilitating complication, secondary ICH, that sometimes 

occurs after treating AIS patients with IV-alteplase. 

 

1.2.1 Ischemic Stroke 

 It is estimated that for every minute blood flow is not restored to 

intracranial brain tissue that 1.9 million neurons are lost16. As mentioned earlier, 

ischemic stroke is the most common sub-type, with a global prevalence of 68%15. 

When the supply of arterial blood is restricted or completely blocked, affected 

regions of brain tissue will be deprived of oxygen, glucose, and other key 

nutrients and molecular compounds required for neuronal function and survival17. 

Misery perfusion describes this condition of reduced cerebral blood flow (CBF) in 

the face of increased regional metabolic demand18. If blood flow is not restored in 

a timely manner, irreversible loss of neuronal function and neuronal death will 

ensue.  

 



 3 

1.2.2 Types of Ischemic Stroke 

 Ischemic stroke has numerous etiologies and clinical manifestations; 

however, the three main subtypes consist of cerebral thrombosis, cerebral 

embolism, and systemic hypoperfusion. The Trial of Org 10172 in Acute Stroke 

Treatment (TOAST) was created to provide a standardized approach when 

diagnosing ischemic stroke in patients. The TOAST subtype classification system 

describes five categories of stroke including: 1) large-artery atherosclerosis, 2) 

cardioembolism, 3) small-artery occlusion (lacunar stroke), 4) stroke of other 

determined etiology, and 5) stroke of undetermined etiology19. This well-validated 

classification system is simple, easy to use, and can supplement other clinical and 

imaging assessments to guide therapy and patient treatment19.  

When pathological processes such as plaque and atherosclerosis 

overwhelm the regulatory mechanisms of hemostasis, thrombosis may result20-22. 

Thrombotic stroke arises when blood clots (thrombi) form within the arteries of 

the brain. These thrombi may remain in place or travel to occlude flow more 

distally (referred to as artery-to-artery embolism or a thromboembolic stroke)23.  

An embolic stroke refers to thrombi that have originated elsewhere in the 

body and then proceed to occlude blood flow to a particular region of the brain. 

These strokes are classified according to the source of thrombi as: 1) possible 

cardiac source, 2) arterial source, and 3) unknown source24. It has been 

demonstrated that up to 20% of all cerebral infarctions are a result of 

cardioembolic strokes. Patients with atrial fibrillation, blood stasis in the left 

cardiac chamber, abnormal valvular surface, and advancing age (>85yrs) are at 
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the highest risk of being diagnosed with cardioembolic stroke following cerebral 

infarction24, 25. Large atherosclerotic plaques (>4mm) in the aortic arch have also 

been shown to increase the risk of stroke and were associated with a higher 

frequency of death and recurrent stroke at two years26, 27.  

Lastly, systemic hypoperfusion refers to a global reduction in CBF, 

commonly attributed to cardiac failure (myocardial infarction, cardiac surgery, 

and arrhythmia), or systemic hypotension, resulting in a reduction in CBF 28, 29.  

Border-zone territories between the major arteries of the brain and distal cerebral 

vasculature are the first areas to be affected by ischemia30. This pattern of 

ischemia is termed “watershed stroke” and can occur cortically (between the 

territories of the cerebral arteries) or internally (within the white matter (WM)). 

Watershed strokes account for approximately 10% of all ischemic strokes31-33.  

 

1.2.3 Pathophysiology of Ischemic Stroke 

 When a thrombus blocks an artery supplying the brain, in just minutes, 

cascades of pathological events are triggered. This is referred to as the ischemic 

cascade and ultimately leads to cell death. The ischemic cascade includes: 

excitotoxicity, oxidative stress, inflammation, apoptosis, and peri- infarct 

depolarizations34, 35. These pathophysiological processes may occur together or 

separately in time and may run their course over hours to days, all with similar 

overlapping themes of neuronal injury and death36. Most notably, impaired 

cellular metabolism as a result of ischemic stroke results in the failure of the 

adenosine triphosphate (ATP)-dependent sodium-potassium pump36. Disturbances 
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to the resting membrane potential cause ionic imbalances and decreases in pH that 

result in neuronal dysfunction and spontaneous depolarization of neurons37, 38. 

Uncontrolled and excessive membrane depolarization can spread through neural 

tissue, a phenomenon known as cortical spreading depression, which further 

contributes to the loss of ionic balance and can lead to increases in intracellular 

calcium by as much as 100-fold39, 40. Dysfunctional calcium homeostasis can then 

activate numerous calcium-dependent systems including: proteases, lipases, 

phosphatases, endonucleases, and DNAases, all of which contribute to cell 

membrane damage, production of free radicals, inflammation, and DNA 

disruption41, 42. Increased calcium concentrations also result in the release of 

excitatory neurotransmitters such as glutamate, which trigger further membrane 

excitation and calcium release, leading to excitotoxicity and mitochondrial 

dysfunction43. Tissue injury following disruption to blood flow is a complex and 

multifactorial process that includes numerous pathophysiological pathways. Early 

reperfusion has been shown to mitigate the extent of neuronal injury 36.   

 The brain is particularly vulnerable to ischemia as greater than 90% of all 

oxygen consumed is used to produce its primary energy source; ATP from 

glucose metabolism36, 44. The CBF threshold resulting in tissue infarction for 

patients presenting with AIS depends on the duration and severity of ischemia. 

Normal CBF values range from 45-60 mL·min−1·(100g)−1. A drop in CBF to 13.5 

mL·min−1·(100g)−1 was determined to be the threshold for tissue infarction in 

patients that reperfused in less than 6hrs, while a threshold between 17-18 

mL·min−1·(100g)−1 was identified for patients with late perfusion (>6hrs)45, 46. 
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This fits nicely with earlier primate studies where CBF values of 10-12 

mL·min−1·(100g)−1 were also shown to predict tissue infarction in early 

reperfusers (2-3hrs) and CBF values of 17-18 mL·min−1·(100g)−1 for persistent 

occlusion of the middle cerebral artery (MCA)46. In addition to this, the extent of 

ischemic injury is also determined by its location in the brain and the degree of 

WM and grey matter (GM) involvement. WM does not contain synapses, and 

unlike GM, has much fewer glutamate receptors47, 48. As a result of this, there are 

notable differences in the CBF of these two distinct tissues with CBF in the GM 

found to be 55 mL·min−1·(100g)−1, while WM had a much lower CBF of 22 

mL·min−1·(100g)−1  49. This has important implications for the response of these 

tissues to ischemia and the resulting neurochemical cascades that result. In the 

GM, cell death and apoptosis is primarily mediated by the ischemic (excitotoxic) 

cascade discussed previously, resulting in the influx of calcium through voltage-

gated calcium channels and the excessive release of excitatory neurotransmitter 

glutamate50. In the WM however, which lacks synapses and glutamate receptors, 

the ischemic cascade results from the failure of the sodium/potassium ATPase, 

which then permits the influx of sodium into the axons of the WM. This ionic 

imbalance of the sodium gradient causes spontaneous depolarization and the 

reversal of the sodium / calcium exchanger, leading to an influx of calcium, which 

is then able to activate other downstream effectors including proteases, lipases, 

and protein kinases41, 42, 51. Damage to large WM tracts such as the internal 

capsule can result in extensive neurological disability with a higher risk of death51, 

52. 
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 The rate of infarct growth is critically dependent on arterial collateral 

circulation, angioarchitecture, and associated local cerebral perfusion pressures. In 

the acute stroke setting, understanding the tissue-at-risk and what can be 

successfully salvaged has important implications for patient treatment options and 

prognosis. At the onset of ischemic stroke, a reduction in CBF below certain 

critical thresholds results in varying degrees of functional and structural changes 

to cerebral tissue, eventually causing irreversible neuronal death if blood flow is 

not restored in a timely manner53. Parenchymal tissue states have been defined 

based on the severity of blood flow reduction to specific territories of the brain. 

These tissue state regions include the ischemic core, penumbra, and benign 

oligemia.  

Ischemic or infarct core represents tissue that has been irreversibly 

damaged regardless if blood flow is restored quickly54. CTP thresholds of time to 

maximum (Tmax) >16s and CBF <8 mL·min−1·(100g)−1 were found to best 

predict tissue that would proceed to infarction, even if ear ly reperfusion was 

achieved (<90min CTP-to-reperfusion). Similar thresholds were also established 

for slower reperfusion times (≥180min CTP-to-reperfusion)55. This tissue state 

can also be observed on diffusion-weighted imaging (DWI), described in section 

1.5.2.4.  

The ischemic penumbra is a dynamic region surrounding the ischemic 

core that suffers from moderate energy failure and is therefore electrically silent, 

but viable and structurally intact53, 56; however, it will eventually go on to infarct 

if adequate blood supply is not restored swiftly57. For this reason, the ischemic 
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penumbra is clinically relevant as it represents the tissue-at-risk of irreversible 

ischemic damage if progressive perfusion failure persists57. Predicting the fate of 

the penumbral lesion is a difficult and complex task that will remain a target for 

AIS therapy and multimodal imaging.  

Brain tissue surrounding the penumbra with slightly reduced CBF 

compared to normal is referred to as benign oligemia. This tissue lies above the 

threshold of energy and electrical failure and thus does not suffer from any 

functional or structural impairment57. For this reason, benign oligemia will 

typically recover even if reperfusion is established later and represents a 

favourable outcome for the tissue involved57. However, there are circumstances 

whereby benign oligemia may progress to infarction as a result of severe 

hyperglycemia or cerebral perfusion deficits, both of which have been associated 

with early neurological decline in AIS patients58-60.  

Autoregulatory mechanisms and hemodynamic variability that occur 

during the minutes to hours following stroke make it difficult to accurately predict 

the tissue-at-risk. Improvements in stroke imaging and treatment will enable more 

effective care of stroke patients and the ability to save as much viable brain as 

possible. 

 

1.3 Stroke Treatment 

 The expression “time is brain” is most relevant in the management and 

treatment of AIS to ensure that reperfusion is established as soon as possible. 

Restoring blood flow to ischemic brain is the primary goal of AIS treatment. For 
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this reason, it is crucial that stroke patients are diagnosed within a narrow time 

window and selected for effective thrombolytic therapy to maximally improve 

functional neurological outcomes. It is important to note that patients with similar 

stroke diagnosis and etiology may require very different treatment regimens. 

Therefore, it is necessary to consider an individualized patient treatment plan 

based on imaging and clinical variables, where clinicians are able to sequentially 

interpret new information in parallel to prescribe the best treatment strategies 

possible61.  

 

1.3.1 Intravenous Thrombolysis 

 The main objective of thrombolytic therapy is clot lysis permitting 

restoration of cerebral perfusion to areas of ischemia before permanent brain 

damage occurs. Intravenous (IV) thrombolysis with streptokinase was the first 

therapy implemented to treat AIS after its initial success in treating cardiac 

ischemia62, 63. Despite promise with the use of streptokinase, multiple trials were 

stopped prematurely showing no added benefit and a higher rate of symptomatic 

ICH (sICH) that contributed to increased rates of morbidity and mortality in AIS 

patients62, 64. This was also the case for another similar plasminogen activator, 

urokinase, which despite having more predictable thrombolytic activity had a 

greater risk of causing ICH and slower rates of clot lysis when compared with 

other thrombolytic agents 65-67. Acute myocardial infarction was the first condition 

approved for the administration of tissue plasminogen activator (tPA) in 1987 

under the drug name Activase®68. Shortly after, the use of tPA in AIS was Food 
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and Drug Administration approved in 1996 and currently remains the gold 

standard and only approved therapeutic drug for IV treatment of AIS63, 69. tPA or 

alteplase is a serine protease that degrades blood clots by converting plasminogen, 

a plasma zymogen to plasmin, a fibrinolytic protease that is able to cleave fibrin, 

enabling the degradation and lysis of blood clots70, 71. The National Institute of 

Neurological Disorders and Stroke (NINDS) was the first double blind, 

randomized trial that investigated the use of alteplase administered within three 

hours of AIS onset. Results of this study found that there was no statistical 

difference in immediate improvement (24hrs after stroke onset) between treatment 

and placebo groups (measured by an increase of ≥4 points on the National 

Institutes of Health Stroke Scale (NIHSS) scale). As well, the rate of sympto matic 

haemorrhage was significantly higher (6.4%) in the alteplase treated group 

compared with the placebo group (0.6%). Despite this, favourable outcomes three 

months post-stroke were all significantly better in the alteplase treated group. As a 

result, treatment with alteplase was found to reduce disability at three months by 

30%63, 72. A recent pooled analysis of multiple trials including The European 

Cooperative Acute Stroke Study (ECASS), NINDS, Echoplanar Imaging 

Thrombolytic Evaluation Trial, and Alteplase Thrombolysis for Acute 

Noninterventional Therapy in Ischemic Stroke (ATLANTIS) all demonstrated 

favourable outcomes and maximal benefit with earlier alteplase treatment 

(<4.5hr), which diminished drastically with drug treatment beyond the 4.5hr time 

window73. Despite the proven treatment benefits of alteplase in AIS, it has been 

grossly underused, with utilization rates as low as 1% in some hospitals74. In 
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Canada, alteplase usage among 21 hospitals that were part of the Registry of the 

Canadian Stroke Network observed alteplase rates of 8.9% among eligible AIS 

patients75. A major reason for under-utilization of IV-alteplase continues to be 

fear amongst physicians concerning the risk of the potentially life threatening 

complication of ICH76. Our ability to predict if patients are at risk of developing 

this debilitating complication is modest. My study seeks to use advanced imaging 

tools in addition to readily available clinical variables to help physicians improve 

their ability to predict ICH risk prior to IV-alteplase administration in patients 

with AIS. 

 

1.3.2 Intra-Arterial Thrombolysis 

 Intra-arterial (IA) approaches that aim to deliver thrombolytic agents 

directly to occluded arteries with a microcatheter have also been investigated over 

IV methods. The rationale of this approach lies in the ability to administer higher 

concentrations of lytic agent directly to the occlusion site. This method also 

reduces systemic exposure of the fibrinolytic agent, enables some degree of direct 

disruption of the clot via catheter and guide-wire, and has an expanded time 

window of up to 6hrs 69, 77. Lee et al. (2010) recently conducted a systematic 

review and meta-analysis including 5 (eligible) randomized control trials of IA 

therapy (IAT) compared with control groups78. Even with higher symptomatic 

(10%) and asymptomatic (68%) haemorrhage rates, pooled data of this analysis 

demonstrated excellent clinical outcomes (31.1% vs. 18.1%) defined by a 

modified Rankin scale (mRS) of 0-1 at 90 days with IA fibrinolysis and 
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significantly higher rates of recanalization when compared with controls78, 79. 

However, with the recent introduction of newer mechanical devices to achieve 

thrombectomy, this method of IAT is now almost defunct.  

 

1.3.3 Mechanical Thrombectomy 

 Endovascular therapy by mechanical thrombectomy is now the standard of 

care for ischemic stroke. It involves the passage of a guide wire catheter to the site 

of thrombus, followed by a stent deployed distally and run proximally that 

captures the clot for removal. With the advent of second-generation detachable 

stent-retrievers such as the Solitaire and Trevo devices, five positive trials 

published in 2015 supported the efficacy and safety of mechanical thrombectomy 

in AIS patients with proximal occlusions80-82. The Endovascular Treatment for 

Small Core and Anterior Circulation Proximal Occlusion with Emphasis on 

Minimizing CT to Recanalization Times trial was one of the five positive trials 

demonstrating the benefit of mechanical thrombectomy in AIS patients83. In this 

trial, patients presenting with proximal occlusions in the anterior circulation 

presenting within 12hrs or less were enrolled to either endovascular therapy or 

control treatment (guideline-based care). Reduced mortality was noted in the 

intervention group (10.4% vs. 19%) and the proportion of patients with a mRS ≤2 

at 90 days was also significantly lower in the interventional arm (53.0% vs. 

29.3%)83. In a recent meta-analysis including five randomized control trials of 

endovascular thrombectomy, 90-day mortality, sICH, and PH rates were not 

found to be statistically different when compared with control patients receiving 
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the current standard of medical care84. In this study, I propose to identify if 

additional mechanical thrombectomy is an independent predictor of ICH in 

patients that are administered IV-alteplase.  

 

1.4 Intracerebral Haemorrhage Secondary to AIS 

 ICH is a complex and multifactorial condition characterized by varying 

degrees of ischemia-related haemorrhage in the brain85. Patients with 

haemorrhagic transformation of ischemic stroke may present with sudden onset of 

focal neurological deficits along with headache, increased blood pressure, 

vomiting, and decreased level of consciousness86. ICH also affects the way a 

patient is treated post-stroke. It limits the use of drugs (anti-platelets and 

anticoagulants) that reduce risk of recurrent stroke and potentially prolongs 

hospital stay87, 88. ICH represents a significant complication of AIS with limited 

treatment options and thirty-day mortality rates reported to be as high as 40-

50%89. There is an urgent need to better understand underlying predictors of this 

phenomenon, to improve patient outcomes and available interventional 

measures85, 90, 91. 

 

1.4.1 Pathophysiology 

 Disruption to the blood-brain barrier (BBB) as a result of cerebral 

infarction leads to extravasation of arterial blood through damaged endothelium 

into the surrounding brain parenchyma once reperfusion is achieved92. Animal 

models in rats have previously identified thrombin and iron toxicity as major 
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factors contributing to additional brain damage secondary to haemorrhage93. 

Furthermore, studies of cerebral ischemia in rats have identified matrix 

metalloproteinases (MMP’s) – 2, and 3 as the primary facilitators of damage to 

the neurovascular unit (neurons, astrocytes, basal lamina, and smooth muscle) 

facilitating BBB disruption causing ICH92. Treatment with IV-alteplase has been 

robustly linked to this process and has been correlated with upregulation of 

MMP’s, exacerbating BBB compromise and dysfunction in alteplase associated 

haemorrhages94. Although the exact mechanisms by which this occurs is not 

entirely clear, it is thought that capillary dysfunction resulting in increased BBB 

permeability results from a process of cytotoxic oedema that leads to ionic 

oedema that progresses to vasogenic oedema, ultimately leading to ICH95. Prior to 

the breakdown of the BBB, cytotoxic oedema occurs as a result of disturbances to 

cellular metabolism96. In the moments following ischemia of the brain, reduced 

oxygen and glucose uptake prevent the functioning of the sodium-potassium 

transporter pumps, resulting in an influx of molecules such as sodium, chloride, 

and water into the intracellular space97. At this stage, the BBB remains intact, 

however, retention of osmotic constituents leads to cellular swelling, a primary 

distinguishing feature of cytotoxic oedema95, 98. The process of cytotoxic oedema 

represents important cellular changes that lead to cell death and is the driving 

force of ionic oedema discussed next95. If ischemia persists, ionic oedema will 

eventually follow and signifies the first phase of BBB dysfunction, permitting the 

abnormal movement of sodium back into the extracellular space95, 99. During this 

phase, the BBB integrity remains intact (proteins and blood contents are 
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contained) and the osmotic pressure gradient represents the primary driving force 

behind this type of oedema95. Finally, as a result of multiple mechanisms 

including: dysfunctional calcium signalling, disruption to tight junctions, and 

basement membrane degradation by enzymes such as MMP’s and vascular 

endothelial growth factor, BBB breakdown occurs100-103. This is characterized by 

the leakage of intracellular proteins and macromolecules and gives rise to 

vasogenic oedema95. Breakdown of the BBB causes endothelial capillaries to 

perform similarly to fenestrated capillaries with both hydrostatic and osmotic 

pressure gradients now contributing to the formation of oedema95. As ischemia is 

prolonged, the BBB becomes increasingly compromised and impaired at 

containing intravascular contents104. This can be further aggravated with 

reperfusion injury and in some cases can lead to catastrophic failure of the BBB, 

resulting in the extravasation of blood constituents resulting in ICH95, 105. Hua et 

al. studied ICH in a rat model and demonstrated that the amount of oedema 

present was correlated with the severity of neurological deficits, therefore, 

understanding the risks of ICH prior to treatment will be an important clinical 

endpoint for AIS106. In summary, ICH following cerebral infarction is likely due 

to the gradual impairment and disruption of endothelial integrity, resulting in the 

opening of the BBB and extravasation of intracellular contents when reperfusion 

is achieved. 
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1.4.2 Classification 

ICH following AIS treatment can be localized to the region of ischemia or 

present remotely in areas without any noticeable infarction. ICH secondary to AIS 

treatment can range in severity from small microscopic petechial haemorrhages to 

large edematous parenchymal haemorrhages (PHs) extending beyond infarct 

borders with marked mass effect. For this reason, clinical studies often divide ICH 

into four classes of 1) haemorrhagic infarction (HI) type I (HI1), 2) HI type II 

(HI2), 3) PH type I (PH1), and 4) PH type II (PH2)107. HI is a term that is used to 

describe petechial infarction with heterogeneous hyperdensity and no space 

occupying effect. The difference between the two types of HI’s is determined by 

the extent of petechiae with type II being more confluent when compared to the 

smaller petechiae of HI1107. PH is a term that refers to a dense, homogenous 

haematoma, with mass effect present. PH1 occupies <30% of the infarct volume, 

whereas PH2 occupies >30% of the infarct volume with marked mass effect107.  

 

1.4.2.1 Symptomatic and Asymptomatic ICH 

ICH can also be further divided into symptomatic and asymptomatic 

haemorrhage. sICH is commonly defined by a change in neurological status by  ≥ 

4 points on the NIHSS scale up to 36hrs post- ictus108. In the past, reported rates of 

ICH have varied (10-40%) as a result of variability in the classification system 

used to define haemorrhage secondary to AIS 2, 79, 109. Levy et al. was the first to 

introduce the concept of symptomatic haemorrhage, defined as any 

“contemporaneous neurological worsening or a new mass effect on CT for 
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intracerebral haematoma”110. This distinction between symptomatic and 

asymptomatic haemorrhage is not clear enough and has been criticized as other 

associated factors such as ischemic oedema and mass effect may be the true cause 

of neurological deterioration and not the haemorrhage itself111. In 1990, Pessin et 

al. distinguished between HI and PH based on CT imaging of the lesion 

anatomy112. The ECASS trial adopted this categorization method and included 

two additional distinctions of HI and PH by including type I and II haemorrhages 

for each class113, 114. Multiple trials including NINDS, ATLANTIS, and ECASS 

now use the ECASS definition in an attempt to standardize the evaluation and 

classification of ICH115. Finally, the time window for observing bleeding is also 

important in understanding the progression of ICH. Time intervals <24hrs will 

make it possible to take into consideration the relationship between haemorrhage 

and baseline status or thrombolysis treatment. Haemorrhages occurring >24hrs 

occur too remotely from treatment to determine what true causative factors or 

correlations are associated with the haemorrhage event111, 116. Ultimately, 

imaging-based classifications of ICH may not provide adequate enough 

information regarding the clinical consequence of ICH, while clinical-based 

classifications of ICH do not identify the amount of ischemic oedema causing 

clinical worsening117. To confront this issue, the Heidelberg Bleeding 

Classification was recently proposed to improve standardization surrounding the 

classification and categorization of bleeding events following reperfusion. By 

including both a pure radiological scheme and a combined radiological-

symptomatic classification, this system may offer greater sensitivity and improved 
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haemorrhage categorization118. In this study, I propose to use the ECASS II 

haemorrhage classification system to identify predictors of ICH, specifically PH 

secondary to AIS treatment with IV-alteplase. 

 

1.4.2.2 Remote ICH 

ICH secondary to AIS thrombolysis mainly occurs within the area of ischemic 

infarct, however, in some cases, ICH can occur in extraischemic brain regions remote to 

the ischemic lesion119, 120. These haemorrhages are termed “remote hematomas” (rICH’s) 

and include any haemorrhagic lesion observed on follow-up imaging that can be 

multifocal in nature with or without mass effect and are responsible for the initial stroke 

symptoms121. The incidence of this complication in AIS patients treated with 

thrombolysis ranges between 1.3-3.7% and accounts for over 30% of all PH’s111, 120. 

Martinez-Hernandez et al. studied the outcomes of rPH in 7 patients and found that all 

had uniformly poor outcomes (mRS at 3 months), early neurological deterioration, and 

death when compared to patients without rPH121. These findings were recently confirmed 

in the results from the Safe Implementation of Treatments in Stroke – International 

Stroke Thrombolysis Register, a multinational, prospective study that included over 

45,000 patients120. Risk factors for rICH overlap with previously reported risk factors for 

ICH including: baseline NIHSS, systolic blood pressure, prior treatment with 

antiplatelets, and advancing age (discussed in detail in section 1.5.1)120, 121. Additionally, 

female sex and history of previous stroke were found to increase the likelihood of 

rICH120. The pathogenesis of ICH in the absence of visible acute ischemic changes is not 

entirely clear, although previous stroke history and increasing age are likely markers of 
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vascular pathology related to microangiopathies including cerebral micro-bleeds 

(CMB’s) and cerebral amyloid angiopathy (CAA)120, 122. Prior vasculopathies may 

contribute to the pathogenesis of extraischemic hematomas by impairing local hemostatic 

control and BBB integrity, such that when thrombolytic agents are administered, the 

vasculature is much less resilient to the degradation of the extracellular matrix, resulting 

in rICH123. Kidwell et al. used MRI to detect CMB’s in patients prior to thrombolysis and 

observed rPH directly at the site of a previously identified microbleed, providing a causal 

link between thrombolysis- induced expansion of microbleeds and rPH124. For my study, I 

am primarily concerned with identifying any significant ICH secondary to AIS post-

alteplase treatment, and not particularly with identifying rPH. The specifically selected 

clinical parameters that I will be using in my analysis used to identify PH risk also 

overlap with rPH risk factors (baseline NIHSS, systolic blood pressure, sex, and age). 

 

1.4.3 Management of ICH After AIS 

 There is currently no accepted standard of care for patients that are 

diagnosed with ICH after AIS treatment, especially with IV-alteplase. Drug 

therapies targeted against mediators of BBB disruption including MMP’s and 

reactive oxygen species have not yet reached translatable success to humans at 

this time92. However, there have been multiple drugs studied in numerous animal 

models that seem promising for the management and treatment of ICH. Batimistat 

is an MMP inhibitor studied in animal models of stroke that prevents vessel 

remodelling and thus BBB disruption in rats treated with alteplase, and this was 

found to reduce the occurrence of ICH125. NXY-059 is a novel spin-trap-agent 
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capable of trapping a variety of free radicals and therefore acts as a potent 

neuroprotective in rodent and primate models of stroke126-128. In a group (n=30) of 

embolized rabbits, 15 received only alteplase while the other 15 received alteplase 

in addition to NXY-059. The rate of ICH was 40% lower in the alteplase plus 

NXY-059 treated group, significantly attenuating alteplase- induced rates of 

ICH126. Unfortunately, in the Stroke-Acute Ischemic NXY Treatment II trial, 

there was no difference in mortality or mRS between the treatment and placebo 

group, and NXY-059 was concluded to be ineffective for the treatment of AIS 

within 6hrs of onset129.  

 Current emergency management of ICH is focussed on assessing airway 

and breathing, managing blood pressure, early hemostatic therapy, management 

of intracranial pressure (<20 mmHg), anticonvulsant therapy, and fever control86. 

In the last five decades, surgical management of ICH has come a long way, but no 

conclusive treatment for ICH after AIS therapy is currently available. Although 

this study is concentrated on identifying predictors of ICH after AIS treatment 

with alteplase, knowledge gained from this analysis could potentially help future 

studies focussed not just on preventing this complication but also on designing 

therapeutic strategies to treat this complication once it occurs.  

 

1.5 Clinical and Imaging Predictors of ICH Secondary to Ischemic Stroke 

  Treatment decisions for AIS will continue to improve as clinical and 

imaging prediction models become more accurate. Numerous AIS studies have 

sought to elucidate imaging and clinical markers of ICH; however, very few have 
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examined imaging across different modalities and relevant clinical variables in 

detail. Moreover, any ICH (PH or HI) is typically included as the outcome 

measure, which may not be clinically useful as the HI sub-type very rarely 

worsens clinical symptoms130. Improving the ability to more reliably predict this 

complication of ICH will likely help physicians make more informed and 

appropriate treatment decisions for future AIS patients. Below I will discuss 

clinical and imaging variables that could potentially be associated with risk of 

ICH. 

 

1.5.1 Clinical Predictors of ICH 

 Many clinical risk prediction scores have been developed in order to help 

clinicians estimate the risk of ICH post-alteplase treatment in patients with AIS. 

The largest of these scores found age, baseline stroke severity (measured using 

NIHSS), raised blood glucose, and high blood pressure at admission as predictors 

of ICH risk131.  

 Advancing age is associated with a number of co-morbidities including: 

accumulated vascular damage to brain (evident as silent strokes, leukoaraiosis and 

even microbleeds) and increasing prevalence of risk factors like hypertension and 

diabetes mellitus132-136. Numerous studies have shown that age increases the risk 

of ICH post-alteplase treatment even after adjusting for these risk factors136-138. 

Animal studies reveal that alteplase increases permeability of the BBB in aged 

Wistar rats as compared to the young, likely due to the disassembly of tight 
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junction proteins like occludin and upregulation of enzymes such as MMP’s that 

degrade the extracellular matrix of endothelial cells comprising the BBB139, 140.  

 Increasing stroke severity is associated with an increased risk of ICH141. 

Increasing stroke severity has also been linked with more severe ischemia and 

consequently a higher likelihood of injury to vascular endothelium leading to the 

breakdown of the BBB142.    

 Raised blood glucose (hyperglycemia) is seen in up to 50% of patients with AIS 

and is associated with a detrimental effect on clinical outcome143, 144. Hyperglycemia 

(blood glucose level >6.0 mmol/L) is also coupled with the increased risk of ICH after 

alteplase treatment, even after adjusting for the presence of other variables like stroke 

severity145, 146. Animal models of cerebral ischemia reveal that hyperglycemia results in a 

loss of ion homeostasis, mitochondrial dysfunction, and even endothelial compromise in 

the ischemic brain147, 148. Interestingly, these effects are most apparent when acutely 

ischemic brain is reperfused, potentially increasing the risk of ICH and associated brain 

damage149.  

High blood pressure (BP) at admission also escalates the risk of ICH post-

alteplase treatment150. This relationship with ICH probability is dose dependent; 

increasing risk is noted with increasing systolic BP, even when the systolic BP is <185 

mmHg (a contraindication for alteplase administration)151. High blood pressure also 

increases cerebral perfusion pressures; an effect that is beneficial in ischemia, but 

potentially harmful when reperfusion is achieved152.  

 Other risk factors associated with risk of ICH post-alteplase treatment include 

dual antiplatelet use before stroke onset, low platelet count, raised serum creatinine, and 
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associated co-morbidities such as atrial fibrillation and coronary artery disease.138, 150, 153-

155. Nonetheless, evidence from large cohort studies suggests that the strength of 

association between these risk factors and occurrence of ICH post-alteplase treatment is 

weak at best155, 156. Finally, although not considered for my study, advancements in 

diagnostic tools have enabled the additional use of biomarkers, which may also 

contribute to the identification and prediction of AIS patients at risk of ICH following 

treatment with IV-alteplase. Endogenous levels of plasminogen activator inhibitor, 

thrombin-activated fibrinolysis inhibitor, MMP’s, and cellular fibronectin have all been 

associated with alteplase-related ICH157-159. These biomarkers can be easily obtained pre-

treatment and offer additional information that physicians can use when making a 

treatment decision. 

 

1.5.2 Acute Imaging Predictors of ICH 

 Stroke imaging plays a key role in the management of stroke patients, as 

clinical examination and neurological symptoms are often not conclusive enough 

to justify treatment. Computed tomography (CT) is non- invasive, fast, widely 

available at most primary healthcare centres, and is the single most cost-effective 

solution for patients presenting with acute cerebral infarction160. In the acute 

phase (≤12 hrs from symptom onset), CT evaluation of stroke patients typically 

consists of an imaging protocol including non-contrast CT (NCCT), CT 

angiogram (CTA), and CTP. These imaging modalities potentially provide 

information on ischemia severity and BBB integrity in patients with AIS. 
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 1.5.2.1 Non-Contrast Computed Tomography  

 NCCT measures X-ray attenuation and is capable of detecting attenuation 

characteristics of brain parenchyma in patients with AIS161. Critical cerebral 

ischemia (<10 mL·min−1·(100g)−1) causes neurons to take up water, a 

phenomenon known as cytotoxic edema discussed previously96, 162.  Cytotoxic 

edema happens even before the BBB is disrupted and continues as ischemia 

progresses. BBB disruption results in the extravasation of water and other osmotic 

blood components termed vasogenic edema163. Brain tissue water content (caused 

by cytotoxic and/or vasogenic edema) is inversely correlated with X-ray 

attenuation 164, 165. For this reason, hypoattenuation on NCCT can therefore serve 

as a marker of ischemic severity and be used as a surrogate in determining the 

time from stroke onset. In an animal study, Dzialowski et al. show that for each 

1% increase in tissue water content, the resulting attenuation of NCCT signal 

increases by approximately two Hounsfield units (HUs)165. The degree of NCCT 

hypoattenuation is therefore likely an indicator of the extent of endothelial 

damage and BBB disruption. Although it is common clinical practice to avoid 

alteplase treatment if severe hypoattenuation is present, the added utility of 

attenuation grading on NCCT in predicting ICH vis-à-vis other clinical and 

imaging predictors has not been assessed comprehensively. I use an ordinal 

NCCT hypoattenuation score (4-point scale) that measures cerebral 

hypoattenuation in the ischemic brain on NCCT (Figure 2.2 in Chapter 2). I 

propose to investigate if hypoattenuation measured using this scale predicts risk of 

ICH in patients with AIS treated with IV-alteplase. 
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1.5.2.2 CT Angiography  

 CTA is minimally invasive and offers rapid visualization of intracranial 

and extracranial vasculature (aortic arch to the circle of Willis) via timed contrast 

injection that is captured in the arterial phase of a thin-slice helical CT scan166, 167. 

CTA plays a crucial role in detecting and delineating the presence and extent of 

vascular occlusions with sensitivities and specificities of 98.4% and 98.1% 

respectively168. CTA can also be used to assess collateral status. Collaterals are 

tiny arterioles that connect major arterial networks in the brain169. These vessels 

are responsible for maintaining brain perfusion even when a major artery is 

occluded by clot170. CTA is capable of measuring the extent of pial arteries distal 

to proximal occlusions, and thus the ability to indirectly measure collateral status 

and severity of ischemia171, 172. A recent study showed that patients with poorer 

collaterals are at higher risk of developing ICH after AIS treatment173. Other 

studies have identified CTA source image hypoattenuation (another indirect 

marker of ischemia severity) as predicting ICH after AIS treatment174. I did not 

use collateral assessments on CTA in my analysis; such assessment is currently 

not possible in patients with small distal intracranial occlusions. I did not use 

CTA source images for my analysis either as inter-rater reliability with this 

technique is modest at best175. Of note, I use another technique, CT perfusion 

(discussed below and in the Appendix), which is theoretically capable of 

providing accurate estimates of various perfusion parameters in the ischemic 

brain.  
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1.5.2.3 Perfusion Imaging 

 Perfusion-based imaging provides functional parametric maps of cerebral 

perfusion that can be used to assess regions of severe ischemia and hypoperfusion among 

AIS patients. Importantly, maps of cerebral blood volume (CBV), CBF, Tmax, and 

permeability surface-area product (PS) can be used to assess the degree of perfusion and 

thus the extent of ischemic injury, which can provide insight regarding tissue fate and 

outcome176.  CTP and magnetic resonance perfusion-weighted imaging (PWI) are two 

imaging techniques that have been used to investigate the risk of ICH secondary to AIS 

thrombolysis and are discussed below. 

 CT perfusion is a brain imaging technique that uses X-ray attenuation to measure 

changes in blood-based contrast signal over time to calculate blood flow. Details of this 

technique and how it uses physiological calculations and mathematical algorithms to 

calculate CBF, CBV, Tmax, and PS are described in detail in the Appendix.  

 Patients are commonly imaged from the level of the basal ganglia to vertex 

(depending on detector coverage and symptom presentation), which contains middle, 

anterior, and posterior cerebral artery territories177. The injection of a hydrophilic, inert, 

iodinated contrast agent is then serially tracked as it passes through the 

cerebrovasculature to obtain relevant perfusion parameters178. CTP parameters like 

volume of brain with very low cerebral blood volume (vlCBV), volume of very low 

blood flow, regions of high Tmax volumes, and impaired BBB permeability have all been 

associated with risk of ICH in patients with AIS treated with alteplase130, 179-184. In this 

study, I have systematically derived CTP-based parameters including CBV, CBF, Tmax, 
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and PS to evaluate if these parameters are able to predict ICH in patients with AIS treated 

with IV-alteplase. 

 PWI does not require patients to be exposed to ionizing radiation, provides 

excellent overall spatial resolution, and can be obtained with or without the use of IV 

contrast material185. Dynamic contrast-enhanced (DCE) MR perfusion is able to assess 

the integrity of the BBB, which was strongly correlated with the severity of ICH once 

AIS patients were treated with alteplase186. Unfortunately, at the current time, PWI 

imaging techniques are often completed with a combination of other MR sequences that 

may or may not also include T1, T2, gradient-recalled echo, fluid-attenuated inversion 

recovery (FLAIR), and DWI, which requires significantly longer acquisition times in 

comparison to its CTP counterpart167. Also, unlike CTP, perfusion MR does not have a 

linear relationship of tissue signal intensity with contrast concentration, making image 

processing and interpretation more challenging in the acute setting187, 188. In addition to 

this, availability and universal access to MR scanners is lacking at most centres and this 

is further limited by the challenge of having dedicated and experienced neuroradiologists 

present to interpret the scans167.  For this reason, my study will consider CTP imaging 

variables for the prediction of ICH secondary to AIS therapy. 

 

1.5.2.4 Other Imaging Predictors   

 Recent advancements in MR imaging now allow for a reasonable estimation of 

ischemic severity and time from stroke symptom onset189. This is possible because the 

MR signature of ischemia evolves over time190. In brief, baseline FLAIR and DWI MR 

imaging sequences have been investigated for their role in ICH prediction. FLAIR lesions 
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appear later and with more severe ischemia than DWI lesions; studies have found that 

FLAIR lesions contained within regions of higher DWI signal are accompanied by 

significantly higher risk of ICH compared with DWI lesions that do not have 

accompanying FLAIR changes191. This concept of DWI-FLAIR mismatch has now been 

used in clinical trials to select patients in late time windows for alteplase therapy192, 193.  

Magnetic resonance imaging (MRI) however, is challenging to do acutely in stroke 

patients. For this reason, this imaging paradigm is not part of my investigation. 

 

1.5.3 ICH Risk Scores 

By using imaging and clinical information obtained in the acute stroke setting, 

risk scores are another useful tool that physicians can use to weigh the benefits and risks 

of a particular intervention; to assist with improved decision-making and better patient 

outcomes194. In the context of haemorrhage prediction secondary to alteplase treatment, 

validated risk prediction models could play an important role in selecting ischemic stroke 

patients at higher risk of ICH in the acute stroke setting. Previous ICH risk assessment 

scores have been developed for the objective identification and prognosis of AIS patients 

at greatest risk of ICH following treatment with IV-alteplase and are summarized in 

Table 2.1. These scores include the: Hemorrhage After Thrombolysis (HAT), Cucchiara 

et al., Stroke Prognostication using Age and NIH Stroke Scale-100 (SPAN-100), Safe 

Implementation of Treatments in Stroke - Symptomatic Intracerebral Hemorrhage (SITS 

SICH) risk score, iScore, SEDAN, Get With The Guidelines-Stroke sICH risk 

(GRASPS), Stroke- Thrombolytic Predictive Instrument (Stroke-TPI), DRAGON, and 

Acute Stroke Registry and Analysis of Lausanne (ASTRAL) scores131, 138, 195-202. These 



 29 

scores have been developed because despite advancements in AIS care, ICH still remains 

the most feared and life-threatening complication amongst physicians treating patients 

with IV thrombolytics195. The aforementioned risk scores have been proposed to address 

this concern by helping clinicians to objectively identify and assess patients at greatest 

risk for developing ICH after IV-alteplase in a timely and efficient manner. Appropriate 

risk scores should be well-validated, evidence-based, and simple to use with minimal 

time wasted, especially during the hyperacute stages of ischemic stroke131. Useful risk 

scores could be easily implemented in the clinical setting by being made available as 

applications on mobile devices or as online risk score calculators131. Furthermore, 

understanding the associated risk and likely prognosis of ICH after treatment with IV-

alteplase will be useful in three ways: 1) it will enable physicians to better counsel 

patients and their families regarding the risks and likely outcomes if treatment is given, 2) 

ensure that there is an even balance of ICH risk in the treatment and control arms of 

clinical trials, and 3) allow physicians to proactively select patients for varying levels of 

intensive monitoring depending on ICH risk138, 196. Although risk scores provide 

estimates of ICH risk after AIS treatment, it is important to note that they do not provide 

any information regarding the risk-benefit for thrombolytic therapy203. For example, a 

patient with a severe stroke may fall into a high-risk category for ICH if treated with IV-

alteplase, but may still have an improved neurological outcome if treated than if 

treatment is withheld203. In my study, I will be using strategically selected clinical and 

imaging parameters to see if they can be used to objectively predict ICH risk in AIS 

patients after treatment with IV-alteplase.  
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Table 1.1 Summary and Comparison of ICH Risk Prediction Models 

 
 

Risk Score 

 

Variables 

Number of 

Patients 

(derivation) 

C-statistic 

(sICH) 

Externally 

Validated? 

(Y/N) 

sICH % 

(ECASS II) 

Score 

Grade 

 

HAT 
Lou, 

2008195 
 

 

Diabetes mellitus or baseline glucose, admission NIHSS, 

early CT hypodensity 

 

 
400 

 
0.74 

 
N 

 
7.0 

 
0-5 

Cucchiara 

Score 

Cucchiara, 

2008196 

 

Age, admission NIHSS, baseline glucose, platelet count 

 

1205 0.68 N 6.0 0-4 

Span-100 

Saposnik, 

2013197 

 

Age, admission NIHSS 

 

 

624 0.733 N 4.6 Age + 
NIHSS 

SITS-ICH 

Mazya, 

2012138 

Age, bodyweight, hypertension, Aspirin/Clopidogrel, 

admission NIHSS, systolic blood pressure, baseline 

glucose, onset to treatment time 

 

31627 0.67 Y 5.1 0-12 

iScore 

Saposnik, 

2011198 

Age, male sex, stroke severity (Canadian Neurological 

Scale), stroke subtype, admission glucose, diabetes 

mellitus, current smoker, previous myocardial infarction, 

atrial fibrillation, coronary artery disease, congestive 

heart failure, cancer, dementia, kidney disease on 

dialysis, and preadmission disability 

8223 n/a Y n/a n/a 
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Risk Score 

 

Variables  

Number of 

Patients 

(derivation) 

C-statistic Externally 

Validated? 

(Y/N) 

sICH % 

(ECASS II)  
Score 

Grade  

 

SEDAN 

Strbian, 

2012199 

 

GRASPS 

Menon, 

2012131 

 

 

Age, admission NIHSS, baseline glucose, HMCAS, early 

CT infarct 

 

 

Age, admission NIHSS, systolic blood pressure, baseline 

glucose, Asian race, male sex 

 

 
974 

 
 
 
 

7169 

 
0.77 

 
 
 
 

0.71 

 
Y 
 
 
 
 

Y 

 
6.9 

 
 
 
 

4.8 

 
0-6 

 
 
 
 

45-101 

Stroke-TPI 

Kent, 

2006200 

Age, admission NIHSS, baseline glucose 2131 n/a N n/a mRS1 
and  

mRS5 
 

DRAGON 

Strbian, 

2012201 

Age, prestroke mRS, HMCAS or early CT infarct, 

baseline glucose, onset to treatment time, admission 

NIHSS 

 

1319 n/a Y n/a 0-10 

ASTRAL 

Ntaios, 

2012202 

Age, admission NIHSS, stroke onset to admission time, 

level of consciousness, range of visual field, acute 

glucose 

1645 n/a Y n/a n/a 
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1.6 Research Objectives 

 In Summary, I propose to look at the association between many of the clinical and 

imaging variables discussed above and their associated risk of ICH post-alteplase 

treatment in patients with AIS. The unique elements of my study are the following: 

1. Access to a large prospective dataset of AIS patients who have received high 

quality NCCT, CTA, and CTP imaging at baseline  

2. Access to data on reperfusion and time to reperfusion for all patients 

3. Access to data on all relevant demographic and clinical information on baseline 

and follow-up, in addition to advanced imaging 

 
In Chapter 2, I describe study objective, methodology, and analysis in detail. 
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CHAPTER TWO 

 

PREDICTING INTRACEREBRAL HAEMORRHAGE IN PATIENTS 

WITH ACUTE ISCHEMIC STROKE RECEIVING IV-ALTEPLASE  

 

2.1 Introduction 

 Even with current endovascular therapy, alteplase will continue to be used 

as a primary treatment for ischemic stroke. However, with alteplase use comes the 

risk of secondary ICH, especially with late presenters. At times, ICH seems to 

occur at random, making it difficult, almost impossible, for clinicians to know 

when to withhold alteplase when ICH risk is high. Prediction models using 

imaging and clinical variables have been developed, but have yet to achieve high 

enough accuracies/predictive abilities to be used with confidence. Moreover, the 

prevalence of the PH-subtype is low (~6%) in almost all recent studies185, 204, 192, 

193, 205-208. For this reason, I therefore chose to use a modified case-control study 

design and multi-variable modelling to identify clinical and imaging predictors of 

ICH.  

 

2.2 Methods 

 

2.2.1 Subjects  

 All patient data was obtained from multiple stroke centres and approved 

by the local ethics review boards. Patient data was obtained from the Foothills 

Medical Centre - Calgary, Alberta (n=235), University Hospital - Ferrara, Italy 
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(n=67), and Sunnybrook Health Sciences Centre - Toronto, Ontario (n=19) 

between the dates of 2009-2015. Each patient underwent a stroke imaging 

protocol consisting of NCCT, CTA, and CTP within 12hrs of symptom onset. 

Follow-up NCCT or MRI within 7 days was also completed. Protocols are 

described in section 2.2.2 below. Inclusion criteria consisted of: 1) patients 

presenting with signs and symptoms of AIS of the anterior circulation that were ≥ 

18 years of age, 2) treatment with IV-alteplase (with or without mechanical 

thrombectomy), 3) completion of NCCT, CTA, and CTP imaging at admission 

with follow-up NCCT or MR imaging post-stroke (obtained within 7 days of 

stroke onset), and 4) two-phase CTP acquisition duration > 120 s for adequate 

permeability calculation. Patients were excluded if: 1) there was excessive motion 

on baseline CTP, or 2) had posterior circulation / bilateral anterior circulation 

stroke. A flow chart of the inclusion process is illustrated in Figure 2.1. Clinical 

data on age, sex, baseline stroke severity (NIHSS), stroke onset to CTP imaging 

time, baseline systolic blood pressure, blood glucose, serum creatinine, treatment 

type, and reperfusion status was obtained. In addition to these clinical variables, 

imaging parameters were also collected, namely: NCCT hypoattenuation scores 

and CTP maps of CBV, CBF, Tmax, and PS. A total of one hundred and eighty-

eight patients met the inclusion criteria. Fifty- four patients were excluded as a 

result of: excessive motion during CTP acquisition (n=33), posterior circulation 

stroke outside of the 4cm CT scanner coverage (n=2), bilateral anterior circulation 

stroke (n=2), technical errors in CTP processing due to poor AIF selection and 

inadequate partial volume correction (PVC) (n=13), and digital imaging and 
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communications in medicine header corruptions, which caused timing information 

to be lost (n= 7).  

 

 

 

 

 

Figure 2.1. Inclusion flow chart. 
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2.2.2 Imaging Protocols 

 The stroke imaging workflow consisted of admission imaging using multi-

modal CT (<12hrs from onset), follow-up imaging using digital subtraction 

angiography (DSA) or CTA (<24hrs from onset) for reperfusion/recanalization 

assessment, and NCCT or MRI (<24hrs) for haemorrhage classification.  

 

2.2.2.1 Admission Imaging   

 All patients underwent a CT stroke protocol performed at admission using 

a 64-detector row Discovery CT750 HD or LightSpeed VCT scanner (GE 

Healthcare Medical Systems) that consisted of a NCCT, a contrast-enhanced 

CTA, and CTP. The NCCT was acquired using the following settings: axial mode, 

120-140 kVp, 170-350mA, 1-2 second/rotation, collimator width of 0.625mm, 

and slice thickness of 5.0 mm. CTA was acquired from the aortic arch to vertex 

after the administration of iodinated contrast agent (Optiray® 320; Mallinckrodt 

Pharmaceuticals; Dublin, Ireland) at a concentration of 320mg/kg to a maximum 

volume of 40-50 ml. This was done at 100-120 kVp, 270 mA, gantry speed of 0.5-

0.6 second/rotation, collimator width of 0.625mm, with 0.625mm section 

thickness, and a table speed of 39.37 mm/rotation. For the CTP acquisition, 

another 45 ml of CT contrast agent was injected at 4.5 ml/s followed by a saline 

chase of 40 ml at 6 ml/s. Sections of 8cm (n=95) and 4cm (n=39) slab thicknesses 

were acquired at 5 mm slice thickness. Scanning began after a delay of 5 seconds 

from contrast injection. Two scanning intervals were acquired: phase 1 = a 45-60 
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second scan sampled at 2.8 seconds, and phase 2 = a 90 second scan sampled at 

15 second intervals. The following scanning parameters were used for both the 

first and second phase: 80 kVp, 100-350 mA, and a gantry speed of 0.4 

second/rotation.  

 

2.2.2.2 Reperfusion Assessment  

 An expert assessed reperfusion either on DSA (using the modified 

thrombolysis in cerebral infarction scale in patients undergoing additional IA 

treatment) or on repeat CT angiography (using the modified arterial occlusive 

lesion scale in patients receiving IV-alteplase alone)205. Repeat CTA was done 

within 4 to 6 hours in 95 patients and at 24 hrs in 39 patients.  This difference in 

repeat imaging time was a result of patient data that was collected from different 

stroke databases which had different protocols for what was considered 

acceptable repeat imaging times. It was not possible to determine the exact times 

of reperfusion in the patients that were assessed on repeat CTA, so for this 

analysis reperfusion was dichotomized in all patients at the time of assessment. 

 

2.2.2.3 Haemorrhage Assessment 

 All patients also had completed either NCCT or MRI follow-up imaging 

within 24 hours post- ictus for haemorrhage classification using ECASS III 

criteria206.  Follow-up NCCT was performed as described above. Diffusion-

weighted MRI was performed on a 1.5T Optima MR 450w scanner (GE Medical 
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Systems) with the following settings: slice thickness of 3.0mm, repetition time of 

10850s, echo time of 82.3s, 256 x 256 image matrix, with no intersection gap.  

2.2.3 Image Analysis 

  

 All steps of the image analysis were performed while blinded to all other 

imaging and all outcomes.  

  
2.2.3.1 NCCT Score  

 All NCCT follow-up scans were scored by an experienced senior 

radiologist on an ordinal 4-point grading system (Figure 2.2) to quantitatively 

grade the degree of parenchymal hypoattenuation within regions of infarct (grade 

1 = normal, grade 4 = severe hypoattenuation / subacute infarct). The expert 

reader was blinded to follow-up imaging at the time of interpretation.  
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Figure 2.2. Infarct density hypoattenuation on baseline NCCT scan (left) with 

corresponding CTA (right) and yellow arrows showing site of occlusive thrombus. 

A) Grade 1 – normal looking scan, B) Grade 2 – mild to moderate hypoattenuation 

(density of infarct is subtle or equal to contralateral WM), C) Grade 3 – severe 

hypoattenuation (density of infarct is less than the contralateral WM), and D) 

Grade 4 – sub-acute appearing infarct (density significantly less (<20HU) compared 

with the contralateral WM. 
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2.2.3.3 CTP Analysis 

Functional map processing: Functional parametric maps of CBF, CBV, 

Tmax, and PS were processed using CTP 4D (GE Healthcare, Waukesha, WI), 

which is commercially available delay- insensitive deconvolution software and a 

modified CTP algorithm for permeability calculations was used and has been 

described previously and in the Appendix207. Briefly, an arterial input function 

(AIF) from either the internal carotid artery, MCA, anterior cerebral artery 

(ACA), or basilar artery (based on scan coverage and maximal contrast 

enhancement) was selected using a region of interest (ROI) consisting of 2 x 2 

voxels. The superior sagittal sinus was automatically selected as the venous 

output function (VOF) for partial volume average correction. 

 Functional map post-processing: All CTP post-processing was done using 

custom in-house software (IDL, version 1.0.0.1, RSI, Boulder, Colorado). Based 

on previous studies which describe ICH risk prediction modeling, discussed in 

detail in Chapter 1, my imaging parameters and thresholds were strategically 

selected130, 179, 181-184, 208. Each CTP output describes a different 

pathophysiological process that could be implicated in ICH of AIS patients treated 

with IV-alteplase. ROI outputs were obtained as follows. ROI-1: vlCBV - 

determined by calculating the CBV value from the lower 2.5th percentile of the 

contralesional hemisphere CBV distribution, and then applying this value to the 

ipsilesional hemisphere within an ischemic territory denoted by a Tmax ≥ 8s to 

obtain a volume of very low CBV209. As our CTP coverage was not whole brain, 

the vlCBV volume was divided by the total ipsilesional hemisphere volume from 
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the 4 cm or 8 cm coverages. This gave a vlCBV ratio standardized to the CTP z-

axis coverage. ROI-2: CBFcore - determined by calculating the ipsilesional 

hemisphere volume of CBF ≤ 7ml∙min-1∙(100g)-1 (CBF defined ischemic core 

volume) again standardized to z-axis coverage210. ROI-3: Tmaxcore - determined 

by calculating the ipsilesional hemisphere volume of Tmax ≥16 seconds (Tmax 

defined ischemic core volume) standardized to z-axis coverage210. Lastly, ROI-4: 

PSischemia - mean PS values ml∙min-1∙(100g)-1 from within the Tmax ≥ 8 second 

volume (i.e. permeability within ischemic tissue). GM and WM values were 

obtained for each ROI by applying patient-specific HU thresholds to the CTP-

average map, while excluding cerebrospinal fluid, ventricles, choroid plexus, and 

large vessels.  

     

2.2.4 Statistical Analysis  

ICH post-alteplase was classified as HI-1, HI-2, PH-1 and PH-2 on follow-

up imaging. HI-1 and HI-2 were grouped into one category i.e. HI while PH-1 and 

PH-2 were similarly grouped into another category i.e. PH. Since only one subject 

had a NCCT hypoattenuation score of 4, this subject was included into a 

combined grade 3 and grade 4 ordinal category for NCCT hypoattenuation in all 

subsequent analysis. I first used ordinal logistic regression (LR) with the 

dependent variable of ICH dichotomized on an ordered categorical scale as (0- no 

ICH, 1- HI, and 2- PH). All clinical and imaging data were included as 

independent variables for analysis. The goal of this proportional odds model was 

to determine if there were significant imaging and clinical variables that were 

independently predictive of the different dependent variable categories we 
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proposed. However, the proportional odds assumption was violated with this 

model (Brant test p-value > 0.05). For this reason, further use of ordinal LR was 

avoided.  

 As a next step, I instead tested the association of clinical and imaging 

predictor variables (independent variables) with the presence or absence of PH 

(dependent variable) using LR. I used step-wise backward regression with 

elimination. Beginning with the complete model including all variables, I 

systematically dropped statistically non-significant variables one by one until I 

reached the most parsimonious model with all main effects significant (p-values ≤ 

0.05). In order to determine the importance of variables in predicting PH within 

the selected model, I used Pratt’s index as a measure of relative importance. 

Receiver operating characteristic (ROC) curves were plotted for the final models 

for both GM and WM and area under the curve (AUC) reported. For the purpose 

of interpretation, I calculated odds ratio and 95% confidence interval of the 

coefficient estimates for each variable in the LR model. All clinical and imaging 

variables used in the WM and GM models were continuous except for the NCCT 

hypoattenuation score that was ordinal. When reporting Odds ratios however, I 

chose to report these after dividing any continuous variable into tertiles as per data 

distribution (see Table 2.3) for ease of interpretation. 
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2.3 Results 

 One hundred thirty-four patients were included in the final analysis. Of 

these, 70 subjects had no haemorrhage, 24 had HI-1, 11 HI-2, 14 PH-1, and 15 

PH-2, giving a total of sixty-four patients that developed ICH secondary to AIS 

thrombolysis. Baseline clinical and imaging characteristics of patients with: 1) 

ICH, and 2) no ICH are summarized in Table 2.1 below.  
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Table 2.1. Baseline patient characteristics. 

 Total 

Patients 

(N=134) 

ICH 

 

(N=64) 

No ICH 

 

(N=70) 

Demographic Characteristics:    

     Age – yr.    

             Median 73 71 74 

             Interquartile range 57-89 54-87 57-90 

     Female sex – no. (%) 64 (47.4) 29 (45.3) 35 (50.0) 

Clinical Characteristics:    

     NIHSS score†    

             Median 15 17 14 

             Interquartile range 4-26 7-26 4-24 

     Systolic blood pressure (onset) – mm Hg    

             Median 148 148 148 

 Interquartile range 108-187 124-172 106-190 

Baseline Blood Glucose level (onset) –     

mmol/litre           

   

Median 6.4 6.7 6.1 

            Interquartile range 

     Serum Creatinine - µmol/L†† 

3.9-8.9 3.9-9.5 4.5-7.7 

            Median 84 81 87 

            Interquartile range 69.0-97.0 65.2-93.5 71.5-99.0 

    Time from onset to CTP imaging – min.†††    

            Median 113 110 114 

Interquartile range 22-203 15-205 26-202 

    Number of PH-type haemorrhages – no. (%) 29 (21.4) 29 (45.3) n/a 

    Mechanical thrombectomy – no. (%) 46 (34.0) 27 (42.1) 19 (27.1) 

    Reperfusion – no. (%) 82 (60.7) 42 (65.6) 40 (57.1) 

Imaging Characteristics:    

    NCCT Score‡    

            Median  

            Interquartile range 

2 

1-3 

2 

1-3 

1 

0-2 

†         The National Institutes of Health Stroke Scale (NIHSS) ranges from 0 to 42, with 

 lower scores indicating less severe neurological deficits. 

†† Serum creatinine levels for one patient were unable to be obtained. 

†††      For the time from onset to CTP imaging, 3 patients in the ICH group suffered   

 wake-up strokes and timing data was unable to be obtained. 

‡      The NCCT score is a grading system ranging from 1 to 4, with higher scores 

 indicative of more severe hypoattenuation and presence of subacute infarct. 
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Fitting the LR, we found that NCCT is the most important variable with 

the highest relative importance measure among other variables in the model for 

predicting PH after adjusting for both GM and WM imaging variables (shown in 

Table 2.2). When LR was applied to GM, the resulting AUC was 0.81, and the 

selected variables (p-values ≤ 0.05) in order of significance were: 1) NCCT Score, 

2) baseline NIHSS, 3) PSischemia, 4) Blood Glucose, 5) vlCBV, and 6) Tmaxcore 

(Figure 2.3). Among WM, the NCCT score and relative volume of vlCBV are the 

most important predictors of PH (p-value ≤ 0.05) with a resulting AUC of 0.74 

(Figure 2.4). 
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Figure 2.3. ROC curve for LR fitted to selected GM variables. 

 

 

 



 47 

 

Figure 2.4. ROC curve for LR fitted to selected WM variables. 
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 Table 2.2. Selected clinical and imaging variables using LR, with coefficients, relative importance, and ranking 

for prediction of PH post-alteplase administration for GM and WM separately. 

 

 
WM 

Intercept= -3.513 
GM 

Intercept=-7.504 

Selected 

Variables 

NCCT 
Score 

vlCBV 
NCCT 
Score 

NIHSS PSischemia 
Blood 

Glucose 
vlCBV Tmaxcore 

Coefficients 1.034 9.631 0.840 0.095 6.469 0.181 19.277 -6.526 

Relative 

Importance 
2.023 0.840 0.654 0.492 0.419 0.288 0.265 0.012 

Rank            1 2 1 2 3 4 5 6 
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Table 2.3. Odds ratio and confidence intervals for the effect of each predictor 

variable on the dependent variable (i.e. PH) for GM and WM models.  

 

 

 
 

 
 
 

 

WM Model 

 Tertiles 2 and 3 OR     2.5 % 97.5 % 

(Intercept)  0.088 0.023 0.246 

NCCT Score            2 5.951 1.937 22.588 

NCCT Score             3 7.172 1.830 31.895 

vlCBV  (0.00268,0.00994] 0.441 0.117 1.494 

vlCBV  (0.00994,0.446] 1.159 0.399 3.403 

 
 

   

                           GM Model  

 

 
Tertiles 2 and 3 OR 2.5 % 97.5 % 

(Intercept)  0.048 0.006 0.245 

NCCT Score 2 4.889 1.291 22.613 

NCCT Score 3 5.345 1.112 28.745 

Blood Glucose (5.9,7.3] 1.128 0.286 4.652 

Blood Glucose (7.3,20] 3.798 1.019 16.107 

NIHSS (12,18] 1.924 0.440 9.413 

NIHSS (18,29] 3.662 0.803 19.192 

vlCBV (0.0019,0.00769] 0.840 0.192 3.740 

vlCBV (0.00769,0.165] 1.242 0.218 7.092 

PSischemia (0.279,0.371] 0.295 0.051 1.309 

PSischemia (0.371,0.654] 2.253 0.723 7.506 

Tmaxcore (0.0443,0.15] 0.297 0.054 1.389 

Tmaxcore   (0.15,0.819] 0.307 0.047 1.731 
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 From Table 2.3, an NCCT hypoattenuation grade of 3 or 2 increases the 

odds of having a PH by 7.172 and 5.951 in WM, and 5.345 and 4.889 in GM 

respectively when compared to a NCCT hypoattenuation grade of 1.  

 

2.4 Discussion 

 
          Predicting ICH post-alteplase treatment with accuracy in the AIS setting 

may help a clinician make informed treatment decisions, especially since 

mechanical thrombectomy alone is now a proven therapy in patients with 

proximal intracranial thrombi. Predicting PH sub-type has been a challenge in 

recent studies due to the low percentage of PHs within the ischemic stroke 

population184, 207, 211-213. Many previous studies have used clinical parameters 

without access to detailed imaging181, 184, 207, 211, 212, 214, while other studies have 

used imaging techniques but have either been limited by small sample size or 

have not used all available imaging modalities or data on reperfusion for a 

comprehensive analysis130, 179, 184, 215. By using a high quality dataset of clinical 

and imaging variables, this study seeks to address some of the deficiencies of past 

studies. Significantly, my results show that the simplest imaging parameter 

(NCCT hypoattenuation score) is the most important variable in predicting PH 

after alteplase treatment. Further, it is roughly two times more important than the 

next ranked variable within GM and WM models respectively. My analysis also 

shows other imaging and clinical variables such as baseline stroke severity 

(measured using NIHSS), PS, baseline blood glucose, and the volume of vlCBV 

have additional utility in predicting PH post-alteplase treatment. 
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          The addition of clinical variables improves the prediction of PH.  In the GM 

predictive model, baseline NIHSS was the most important clinical variable. The 

WM model did not rank clinical variables. Hyperglycemia, as measured by blood 

glucose, causes BBB vulnerability via lactic acid and free radical release216. My 

analysis shows that it is a significant independent predictor of PH risk. 

Interestingly, reperfusion in itself was not an independent predictor of PH risk in 

either of the GM and WM LR models. In my opinion, reperfusion only results in 

PH when it is associated with severe brain injury (as evident on NCCT) and other 

risk factors like hyperglycemia. Moreover, in my dataset, reperfusion was 

captured early in time. It is quite likely that it is late rather than early reperfusion 

that is associated with PH. 

          Similar to Campbell et al. (2010), the volume of vlCBV (described in our 

study as the vlCBV ratio) is a predictor of PH in both GM and WM models209. 

Surprisingly, it was not a highly ranked variable when compared to other imaging 

modalities like NCCT or even PS. It is likely that these other imaging constructs 

convey more accurately the pathophysiological signature that is associated with 

PH post-alteplase treatment in patients with AIS. The permeability construct (PS) 

was ranked 3rd in the GM model, consistent with previous literature207. A PS 

value of 0.6 ml∙min-1∙(100g)-1 is 50% predictive of PH in GM, and 1.5 times more 

important than the vlCBV ratio parameter in GM. As with the vlCBV ratio, a 

mean PS value can be easily interpreted in the clinical sett ing. A single ROI can 

be traced onto the PS map within the region of severe ischemia (Tmax ≥ 8s), as 

shown in Figures 2.5 and 2.6. Of note, our standardized vlCBV ratio is a robust 
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way of measuring this construct. It can be used for all z-axis coverages and not 

just for whole brain CTP. The last imaging variable in the GM model, Tmax > 

16s volume (ischemic core volume) has low independent predictive ability for 

PH.  

Figures 2.5 and 2.6 depict the hypothetical output that a clinician could 

use to determine the probability of PH in real-time. A clinician can easily 

approximate each imaging metric to roughly estimate the likelihood of PH i.e. if 

high, intermediate or low. I did not attempt to create a risk score for predicting PH 

using my dataset given limitations of sample size and the fact that my dataset was 

enriched with patients with the relevant outcome i.e. PH.  
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Figure 2.5. Hypothetical imaging workflow output showing imaging 

parameters for patient with PH-2 outcome. An ROI is traced by the clinician 

onto the ischemic lesion (Tmax map), using the NCCT to determine GM, 

then superimposed onto the PS map. Each imaging parameter can be 

roughly determined to be mild, moderate or severely involved. This patient 

had a NCCT Score = 3, very low CBV, very high Tmaxcore, and high 

permeability PSischemia. Baseline NIHSS was high as was baseline Blood 
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Glucose. Based on my model, this patient has a higher probability of PH after 

intravenous alteplase treatment.  
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Figure 2.6. Hypothetical imaging workflow output showing imaging 

parameters for patient without ICH. An ROI is traced by the clinician onto 

the ischemic lesion (Tmax map), using the NCCT to determine GM, then 

superimposed onto the PS map. Each imaging parameter can be roughly 

determined to be mild, moderate or severely involved. This patient did not 

have NCCT hypoattentuation or vlCBV. Tmaxcore was mildly raised while no 

permeability PSischemia was detected. NIHSS at baseline was not high while 
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and Blood Glucose at baseline was normal. This patient likely has a low 

probability of PH, according to my model.  
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           There are some limitations to my study. 1) Even with the modeling I 

present, it is still a challenge to utilize in a clinical setting, especially the CTP 

outputs. Automated software that performs advanced processing using available 

clinical and imaging data will eventually make its way into clinical practice, 2) 

CTP z-axis coverage was only 4 cm in some cases, thus we may have missed 

important regions of ICH pathology 3) I have not attempted an analysis on 

whether treatment with alteplase is beneficial in spite of high risk of PH, thus 

limiting clinical utility and 4) my data was enriched with patients with the 

outcome i.e. PH. Thus I could not use my dataset to estimate probabilities of PH 

or derive/validate a risk score for PH. Nonetheless, my dataset and the 

methodology I used helps provide robust evidence for the relative importance of 

various clinical and imaging variables in determining PH. As such, my analysis 

serves as proof of principle of the utility of imaging in predicting PH in patients 

with acute ischemic stroke receiving intravenous alteplase. My study therefore 

lays the groundwork for future studies aimed at deriving robust risk predictions 

scores that use detailed imaging analysis. Addressing these limitations are next 

steps in this research. 

           In conclusion, my analysis shows that simple imaging and clinical 

variables easily acquired and interpreted in the clinical setting can help physicians 

determine the risk of PH after intravenous alteplase treatment in patients with 

AIS.  
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CHAPTER THREE 

Future Directions and Conclusion 

 

3.1 SUMMARY 

 Chapter 1 of this thesis provided important background information 

pertaining to AIS and the complication of ICH secondary to stroke thrombolysis 

treatment. Chapter 2 of this thesis investigated the possibility of imaging and 

clinical variables predicting ICH in patients with AIS receiving IV-alteplase. This 

chapter also looked at the relative importance of these variables in determining 

risk of ICH secondary to AIS treatment with alteplase.  

 

3.2 FUTURE DIRECTIONS 

 Even with improvements in the emergent treatment of AIS, many 

therapeutic strategies will still be limited by the risk of ICH. As a result of this, 

there has been intense research to investigate robust predictors of ICH secondary 

to IV-alteplase treatment in AIS patients, to assist with treatment planning and to 

optimize clinical management of these patients.  

 Although my prediction models have been assessed using LR and the 

resulting c-statistic (AUC) has been reported, this only offers information 

regarding the discriminative ability of my LR models217. Another important step 

in analyzing performance will be to evaluate the calibration of the LR models. 

Calibration would assess predicted outcomes (using my LR models) with 

expected outcomes218. How well my model demonstrates calibration could be 
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assessed with the Hosmer-Lemehsow test, which measures the goodness of fit of 

my LR models to see how closely expected outcomes align with actual 

outcomes218. As discussed in the section on limitations, I did not assess model 

calibration as my effort here was not to validate a risk prediction score or estimate 

probabilities of PH. The rarity of my outcome in the population was a reason why 

I enriched my dataset with outcome events. This meant that any estimated 

probability from this dataset would not be generalizable to the population. I can 

only use this dataset and the resultant statistical models to comment on the 

importance of various predictor variables in determining risk of the outcome i.e. 

PH. A first step after my project will be deriving and validating a risk prediction 

score that uses imaging constructs identified through my study in a large cohort of 

acute ischemic stroke patients. Our group has access to large patient datasets that 

will make this exercise possible.  

           Any ICH prediction score will only work clinically if we can conclusively 

show that patients in the higher risk strata will not benefit from IV-alteplase 

therapy. This means we have to demonstrate effect modification of the 

relationship between IV-alteplase administration and clinical outcome by ICH risk 

strata. This, along with the validation exercise I describe above,  will be an 

important next step in this research. 

 A limitation of the current analysis is that our ability to measure the 

imaging constructs can be 1) automated and 2) improved further. Our group is 

working on developing robust image analysis techniques that will help us in this 

endeavour. Recently, we have also begun investigating novel statistical methods 
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to improve the predictive accuracy of rare outcome events such as PH in AIS 

patients treated with IV-alteplase. Using a simulation of 1000 replications for a 

representative dataset, we compared the predictive accuracies of several statistical 

approaches including: LR, rare event LR, random forest, balanced random forest, 

support vector machine, and granular support vector machine with repetitive 

under-sampling. In our dataset, the granular support vector machine with 

repetitive under-sampling achieved accuracies in the white and grey matter above 

90% in all situations of varying combinations of sample size and number of 

variables used. This novel statistical method could be used in future analysis.  

 Finally, to make such clinical and imaging variable-dependent prediction 

tools available to the treating physician, we will have to either make the 

application of these tools simpler, or automate the use of these imaging and risk 

prediction tools. Future research is necessary to accomplish this goal.  

  

3.3 CONCLUSION  

 The definitive goal of stroke treatment is to restore blood flow as quickly 

as possible to the affected brain region219. Nevertheless, ICH secondary to AIS 

thrombolysis occurs in a significant proportion of patients and represents a major 

complication that limits the use of thrombolytic therapy in this subgroup of 

patients85. Even with the discovery of new treatments and advancements in 

management, the identification of predictors of ICH remains of utmost importance 

so that this disease can be anticipated before it occurs and ideally prevented. 
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We set out to identify the feasibility of using numerous imaging and 

clinical variables in isolation or in combination to best predict ICH secondary to 

ischemic stroke thrombolysis in AIS patients. We show that multi-parametric 

imaging and clinical variables can help predict risk o f this devastating 

complication of acute ischemic stroke treatment.  
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APPENDIX 

CT PERFUSION THEORY 

 

 

 Following the injection of contrast agent, it is important to note that it does 

not diffuse into the extravascular space and is not metabolized or absorbed, 

therefore permitting the quantitative measurements of perfusion parameters that 

can be calculated with less complex tracer kinetic modelling using only two 

compartments220. Moreover, because the concentration of contrast agent is 

linearly proportional to the attenuation of X-rays, HUs can be used directly to 

calculate functional hemodynamic parameters within the entire vasculature 

(arteries, veins, capillaries)220. For each pixel, its time-attenuation curve (TAC) is 

used to quantify several perfusion parameters including: CBV, the volume of 

blood occupying a given mass of tissue measured in units of mL·(100g)-1, CBF, 

which represents the volume of blood travelling through a mass of brain tissue per 

minute mL·min-1·(100g)-1, the time-to-peak (TTP) or time-to-maximum of the 

TAC corrected for the dispersion in the arterial TAC (Tmax), specifies the time 

from contrast arrival to the peak time-enhancement curve in each voxel in units of 

seconds [s], and finally, the PS of the BBB, which indicates the rate of contrast 

extravasation from the intravascular to interstitial space as a result of BBB 

compromise [mL·min-1·(100g)-1]177, 221, 222. The calculation and processing of 

these parametric maps can be accomplished automatically or semi-automatically 

with the selection of an AIF and VOF on the raw CTP cine series – typically with 

a 2x2 voxel region (Figure A.1). Tissue-TACs for both the AIF and VOF are then 

calculated to determine the perfusion parameters223, 224. PVC using the VOF 
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(commonly the sagittal sinus) is often necessary to ensure the accuracy of 

calculated perfusion maps as the smaller arteries in the brain such as the ACA can 

contribute to contamination of the measured AIF contrast signal (the smaller the 

artery, the more PVC required)224.  
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Figure A.1. Diagram outlining three important steps for the generation of CTP 

functional maps. The first step 1) consists of administering an iodinated contrast 

agent that is serially tracked as it passes through the cerebral vasculature. Once 

this has been accomplished, post-processing using CTP 4D/5 (GE Healthcare) 

software is used and an AIF (red box) and VOF (blue box) are selected. 2) TACs 

are calculated based on the AIF and VOF (top) and differences between ischemic 

tissue (yellow) and normal tissue (green) can be observed as differences in contrast 

arrival and maximal contrast enhancement. 3) Deconvolution algorithms are used 

to generate quantitative perfusion maps of CBV, CBF, Tmax, and PS by observing 

the capillary-level behavior of contrast. 
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 Post-processing involving deconvolution and non-deconvolution based 

models are currently used to interrogate the TACs. Deconvolution models involve 

complex mathematics and require more time to calculate, whereas non-

deconvolution models have simplified assumptions about hemodynamics178. 

Briefly, three common non-deconvolution methods used in stroke perfusion post-

processing include the maximum slope approach (to calculate blood flow) and the 

Patlak model or Tofts model which can be used to measure the transendothelial 

leakage of contrast agent into the extracellular space (K trans)214, 225, 226, 227. These 

models have major limitations in their underlying assumptions as the maximum 

slope method assumes that there is no venous outflow, while the Patlak approach 

assumes no contrast backflux from the extravascular space, and finally, the Tofts 

model assumes that there is a negligible concentration of intravascular contrast 

agent (i.e. The vascular signal is small compared to the tissue signal and therefore 

has only one-compartment)227-229. As such, the more physiologically appropriate 

deconvolution-based distributed parameter model, which takes into account both 

perfusion and permeability is used in the work contained in this thesis230. 

Deconvolution-based methods correct for the inability to administer a contrast 

bolus directly into an artery supplying a tissue of interest. Following the injection 

of contrast at a peripheral (usually antecubital vein in the arm), the bolus 

undergoes delay and dispersion prior to arriving at the artery of interest within the 

brain220. Deconvolution models adjust for this by calculating an impulse residue 

function (IRF), which represents the tissue TAC obtained under the ideal 

hemodynamic injection conditions (Figure A.2). Hemodynamically, the IRF can 
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be interpreted as the volume of blood flow entering a capillary network that 

contains a fraction of contrast medium that is instantly deposited into the tissue of 

interest as time progresses224, 231. Furthermore, the area under all the horizontal 

lines (product of transit time (t) and fraction of contrast with that transit time) 

represents the area under the curve (AUC) of R(t), which signifies the  meant 

transit time (MTT) illustrated by the vertical line labelled “b” on the horizontal 

strip231. By the Central Volume Principle, CBV is simply the product of CBF and 

MTT, therefore, the AUC of the product CBF∙R(t) (flow-scaled IRF) denotes the 

CBV178, 224. The parameter of Tmax is characterized as the TTP of the IRF, so 

when using the Johnson-Wilson model case, where the IRF has a flat top as 

shown in Figure A.2, Tmax can be calculated by taking the mid-way time point 

(T0 + 1/2MTT)178, 224, 231. The IRF in the context of the PS is described below. 
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Figure A.2. Graphical representation of an ideal flow-scaled (CBF  R(t)) IRF. The 

IRF is obtained in the brain R(t), using the deconvolution of the arterial 

enhancement curve Ca(t) and tissue enhancement curve Q(t). The height of the IRF 

defines CBF, the area of the IRF represents the CBV, and “b” signifies the MTT, 

which is calculated as the area under the curve (CBV) divided by the height of the 

vertical line above “b” (CBV). T0 is the time from the arrival of contrast at the AIF 

to the tissue of interest and adding 1/2 MTT gives the time for the impulse residue 

R(t) to reach its maximum (Tmax). Figure adapted from Lee et al.  [190].  
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PS of the BBB was calculated using the adiabatic approximation Johnson 

and Wilson model  (aaJW), which assumes that all contrast agent is distributed in 

either the capillaries or the extracellular space232. Contrast is therefore a surrogate 

of the degree of BBB compromise, which is correlated with quantitative 

measurements of PS233. This model can be illustrated as 1) a single cylinder of 

length (L) containing a specific blood volume (Vb) that represents the 

intravascular (capillary) space and 2) another cylinder that surrounds the capillary 

containing a volume (Ve) that signifies the extravascular (interstitial) space 

(Figure A.3)232. A second assumption of this model stems from the fact that the 

capillary endothelium will have varying degrees of permeability and thus 

bidirectional movement of contrast between the two compartments is possible180. 

For simplicity, it is also assumed that there is negligible radial contrast 

concentration gradient in the intravascular space and an even (quasi-steady state) 

distribution of contrast agent in the extravascular space relative to the 

capillaries180. With this in mind, the IRF using this approximation can be 

calculated as follows180: 

 

 

𝐻(𝑡) = { [− (
𝐸𝐹

𝑉𝑐
) (𝑡 − 𝑇𝑐 )]         

0 ≤ 𝑡 ≤  𝑇𝑐

𝑡 >  𝑇𝑐
     

𝐸𝑒

1

} 

 

Where H(t) is the IRF, E = the contrast extraction fraction, F = blood flow, Vc = 

the extravascular distribution of contrast, and time Tc = the minimum transit of the 



 69 

contrast bolus. According to the Rankin-Crone equation, PS (the permeability-

surface area product) and E are described by the following relationship180: 

 
 

𝐸 = 1 − 𝑒−(
𝑃𝑆
𝐹

)
 

 
 
Finally, by selecting an appropriate AIF (denoted by Ca(t)), the TAC (denoted by 

Q(t)) can be determined according to180: 

 

𝑄(𝑡) = 𝐹 ∙ [𝐶𝑎(𝑡) ∗ 𝐻(𝑡 − 𝑇0)] 
 
 

  Denotes the convolution operator, and H(t – T0) shifts H(t) relative to the 

arrival of contrast the AIF. Parameters described in Figure A.2 are iteratively 

changed until an optimal fit to Q(t) is reached.  
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Figure A.3. A simplified diagram of the Johnson and Wilson model. The brain is 

divided into two principal compartments: the extravascular (interstitial) and 

intravascular space, separated by a permeable capillary endothelium. The 

concentration of contrast within the intravascular space is a function of time and 

length along the capillary, while the concentration of contrast in the extravascular 

space is assumed to be evenly distributed along the length of the capillary and is 

only a function of time. This model thereby describes the rate of change of contrast 

diffusion in the extravascular space, defined by the PS. Figure adapted from Sahani 

et al. [198]. 
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Current limitations of CTP include potential adverse reactions to contrast 

agent, limited anatomic coverage of the whole brain and exposure ionizing 

radiation234. The axial coverage of brain tissue that can be imaged during a single 

first-pass CTP acquisition is restricted in the z-axis (craniocaudal) direction by the 

number and width of X-ray detector rows contained within the CT scanner 

(currently between 4 and 16 cm with current models of scanners)235, 236. Coverage 

in z-axis direction can be doubled by using shuttle mode or by administering two 

separate contrast boluses237, 238. The axial shuttle technique consists of the scanner 

table moving back and forth switching between two sides (cine views) of the 

brain178. Although the two-injection bolus technique enables two volumes of CTP 

data to be acquired simultaneously, it requires twice the dosage of iodinated 

contrast agent and increases the risk of contrast- induced nephrotoxicity (CIN)178, 

239. However, recent studies has found that the risk of CIN in patients receiving 

contrast-enhanced CT imaging was low ~2.6%239, 240. 

CTP imaging studies typically only require a 60-70 second scan time, 

however, imaging acquisitions ranging from 90-180 seconds in duration have 

been encouraged when investigating the BBB permeability in patients207, 241-243. 

The longer scan times associated with studies investigating BBB permeability 

pose the risk of increased exposure to ionizing radiation to patients. To prevent 

this, the temporal rate of imaging is reduced and one image is acquired every 10-

15 seconds in the second phase instead of every 1-3 seconds in the first phase242. 
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A common motto in the field of medical imaging regarding radiation dose is 

“ALARA”, which is an acronym for As Low As Reasonably Achievable. 

Minimizing radiation dose to patients is an important factor that should be taken 

into consideration and strategies to reduce exposure to ionizing radiation have 

been successfully implemented in CT-based imaging modalities. For example, the 

Adaptive Statistical Iterative Reconstruction is a time-efficient reconstruction 

algorithm that was able to reduce total radiation dose by 26.2%244. Radiation dose 

can be further attenuated by increasing the temporal sampling interval to >1 

second, halving the radiation dose while maintaining accuracy of the resultant 

CTP functional maps237. Additional limitations of CTP that will need to be 

addressed in the future include: need for standardized post-processing software 

and methods, additional scan time for image acquisition and requirement of post-

processing prior to interpretation and treatment decision245, 246. Despite these 

drawbacks, CTP continues to be increasingly recognized as a valuable diagnostic 

tool for the evaluation of AIS patients. 
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