
 

 

 

 

FACTORS AFFECTING FOCAL CEREBRAL ISCHEMIC INFARCTION: 

 

Inferences from Experimental Modelling in Macaques and Murines 

 

 

by 

 

 Kathleen Allyson Harrison  

 

 

 

A thesis submitted to Queen’s University, Kingston 

In conformity with the requirements for 

the degree of Doctorate in Neuroscience 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(10, 2022) 

 

Copyright ©Kathleen Allyson Harrison, 2022 

A thesis submitted to the graduate program in 
Neuroscience Studies

in conformity with the requirements 

for the Degree of Doctor of Philosophy

(November, 2022)



iii 
 

Dedication: 

 

 

 

 

 

To my family. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Nancy “Nana” Elgie (Stewart), MSc., C.Psych.;  
Dr. Robert Goldwin "Bompa" Elgie, LL.B., MD., FRSC. MP, MPP. M.OC 

 
You built the foundation for my life, and those of your other grandchildren. 

 

 
 

Dr. Mark Marshall Harrison, MD, FRSC;   
 Dr. Allyson Granger Harrison (Elgie), Ph.D, C.Psych. 

I am so very lucky to say that I am your daughter.  
Thank you for all the teaching and opportunity you provided me. 

ii

Dedication



iv 
 

Abstract 

          Stroke is a leading cause of morbidity and mortality in North America. There has 

been an evolution in treatment and assessment of ischemic stroke over the last 30 years, related to 

formation of hospital acute stroke teams that provide thrombolytic therapy and endovascular 

thrombectomy. A challenge in stroke treatment is rapid identification and diagnosis to guide 

treatment. For example, differentiating between hemorrhagic or ischemic infarction, two 

common ‘types’ of stroke, is important as each pathology has a different treatment course. These 

challenges result in approximately 80% of patients considered ineligible for acute therapy, and 

50% of all stroke patients experiencing major morbidity or mortality.  

 
For ethical and practical reasons, study of prospective stroke treatments does not occur in 

humans. Scientists and researchers have historically turned to animals as a proxy for investigating 

mechanisms of stroke, effects of strokes in different brain areas, and to evaluate the efficacy of 

new therapies for stroke and in translational studies prior to human clinical trials. For such 

studies to be of assistance in understanding human stroke, the animal model should resemble the 

mechanisms and effects of strokes in humans as much as possible. Unfortunately, as will be 

demonstrated in this thesis, this assumption may not be fully met in most animal models, such as 

the commonly employed rodent model of stroke.  

 
For example, the vascular and brain tissues in chosen animal species may not respond to 

induced strokes in the same manner as in humans, such as: injury size, cerebral metabolism, 

cerebral vascularity and perfusion, and thresholds of cell death. These confounding variables, and 

various animal models of stroke, are discussed in the background of the thesis.  As such, the 

internal validity of animal models, and the external validity of these models in the translation to 

human stroke is currently unknown.  

iii

Abstract



vii 
 

Acknowledgements 

I would like to thank my supervisor Dr. DJ Cook (DJC).  
Thank you for helping prepare me for life. 

 
None of this would be possible without dedicated staff. I would like to thank the veterinary 

technicians and animal care staff who I have had the pleasure of working with, including: 
Andrew Winterborn (AW); Ann Lablans; Jessica LeClerc (JL); Paige Ryan(PR); Anne Lebas 
(AL); Darlene Potterton; Kurt Scrutton (KS); Sabrina Yu (SY); Kim Moore Simone Appaqaq; 
Catherine Crandell (CC); Brittney Armitage-Brown; Janine Handforth; Deborah Harrington; and 
Erin Burnett; and Susan Johnston. I sincerely enjoyed being able to work with you. I would also 
like to thank Don Brien (DB) and Patrick Stroman (PS) for all the work that was done in the MRI 
through their technical expertise and dedication. Thank you to the building custodians, such as: 
Yat; Kevin; Max; and Clayton.  

I would also like to acknowledge other members of the CNS who have made my time 
during graduate studies so wonderful and memorable. Thank you to the brilliant professors, such 
as Doctors: Munoz; Scott; Stroman; Bohmke; and Bohlm for being fantastic mentors. Thanks to 
the administrative team Kelly Moore (KM); and Lucy Munro-Smith. I thank Jesse Kelly (JK) and 
Michael Gould (MG) for their time and assistance in the histological and wet-lab work for this 
thesis. Nancy Yingling Chen (NYC) for her support across a broad spectrum of work. To my 
fellow lab mates: Allen; Ashley; Blair; Kiysten; Kaden; and Nicole; it has been a pleasure to 
know you and be part of the same team. To Juan Fernandez-Ruiz (JFR) and his students: 
Anabella and Gabriell (GRG), I sincerely enjoyed working with you and sincerely hope our paths 
cross again. To other candidates/PhDs in the Center for Neuroscience, such as: Joanna; Jocelyn; 
Gabby; Katlyn; Emma; Kayne; Leif; Rachel; Natalia; and honestly at least another twenty others, 
thank you for being kind. I sincerely am fortunate to have studied alongside you, and call you 
friends.  

 
I thank the clinical staff and residents of Kingston Health Sciences departments of 

Neurosurgery, Neurology, Pathology, and Internal medicine for allowing me to attend clinical 
lectures and rotations over the past three years so that I may be better educated in the medical 
field, and thus have the foundational knowledge required to undertake this work. Specifically, I 
sincerely thank Neurologist Dr. Albert Jin (AYJ) for his time, mentoring, and guidance in 
establishment of the rodent experimental model discussed in this thesis and general discussion of 
his life as a clinician and a parent. The Queen’s Cardiopulmonary Unit, Doctors: Archer; 
Hindmarch; Azevedo De Lima; and many others, I sincerely hope to work with you in a 
professional capacity, and I thank you for the insights and opportunities provided to myself. 
Thank you to the Human Mobility Research Center for allowing me to inhabit the same offices, 
attend lectures, and provide guidance in writing this thesis. Specifically, I sincerely thank 
engineers Heidi ploeg, Leone Ploeg, Tim Bryant, and the HMRC team for their charity and 
advice.  

 
Lastly, I would like to acknowledge and thank my family, Dr. Mark Harrison and Dr. 

Allyson Harrison. The scientific aspirations that led to this thesis clearly come from my 
childhood and upbringing. You have been sources of support, love, encouragement, and insight 
into the scientific process.  

 

iv

Acknowledgements



ix 
 

Declarations by author  

Select Publications and Manuscripts Relating to this work: 

Chen, Y., Poole, M. C., Olesovsky, S. V., Champagne, A. A., Harrison, K. A., Nashed, J. Y., 
Coverdale, N. S., Scott, S. H., & Cook, D. J. (2021). Robotic assessment of upper limb 
function in a nonhuman primate model of chronic stroke. Translational Stroke Research. 

Chen, Y., Quddusi, A., Harrison, K. A., Ryan, P. E., & Cook, D. J. (2019). Selection of 
preclinical models to evaluate intranasal brain cooling for acute ischemic stroke. Brain 
Circulation, 5(4), 160. 

Ramirez-Garcia G, Harrison KA, Fernandez-Ruiz J, Nashed JY, Cook DJ. (2019). Stroke 
Longitudinal Volumetric Measures Correlate with the Behavioral Score in Non-Human 
Primates. Neuroscience. Jan 15;397:41-55. doi: 10.1016/j.neuroscience.2018.11.026.  

Meloni BP, Chen Y, Harrison KA, Nashed JY, Blacker DJ, South SM, Anderton RS, Mastaglia 
FL, Winterborn A, Knuckey NW, Cook DJ. (2019) Poly-Arginine Peptide-18 (R18) Reduces 
Brain Injury and Improves Functional Outcomes in a Nonhuman Primate Stroke Model. 
Neurotherapeutics. 2019 Dec 12. doi: 10.1007/s13311-019-00809-1. 
 

Select Conference Presentations and / or Abstracts : 

Harrison, KA; Jin, AY; Cook, DJ (2019). Population Dynamics of a Rodent Model of Stroke; 
Barrier to Preclinical Translation? (Poster Presentation). 27th Annual Health Science Research 
Trainees Conference. Queens’s University, Kingson.  

Harrison KA, Ramirez-Garcia G, Fernandez-Ruiz J, Nashed JY, Leclerc, J., Cook DJ. (2018). 
Longitudinal population characteristics of volume-behaviour measures in a non-human 
primate model of stroke. (Poster Presentation). Society for Neuroscience, San Diego. 
475.10/U1 

Harrison KA, Ramirez-Garcia G, Fernandez-Ruiz J, Cook DJ. (2019). Population Dynamics of a 
Rodent Model of Stroke; Barrier to Preclinical Translation? (Poster Presentation). Hamilton 
Health Sciences Clinical Neuroscience Symposium; Cellular and Immunological Basis of 
Mood Disorders. McMaster University, Hamilton. 

Harrison, KA; Cook, DJ (2017). Stroke Translational Research; Evaluation for a Novel 
Endothelial Treatment In a Primate Model of Focal Ischemic Stroke (Oral Presentation). The 
7th Annual Bruce Research Trainees Seminar. Queen's University, Kingson. 

 

In addition, previously unpublished data are presented in this dissertation. 
 

Statements

      All experiments and animal data were obtained by scientific research at Queens 
University. Any concerns regarding integrity of this research were brought to the School of 
Graduate and Post-graduate Studies and University Ombudsperson. 

       As studies were performed in collaboration with privatised companies, some information 
made anonymous or redacted.
           
  In response to COVID-19 and widespread lab shutdowns, a number of changes needed to be 
made to the experiments and scope of the thesis:
 (1) Literature search and interpersonal communication was conducted online (internet), with
       availability of physical documents and interactions limited.
(2) A chapter on immunophenotyping of experimental animals had to be cancelled.

            The following thesis was written by the author, and is composed of data that are 
previously unpublished and not substantially related to previously published work by this 
author or co-authors. 

 

Authorship

Declarations

v



vi 
 

Summary of the Unique Thesis Contributions 

     Research in neuroscience collects knowledge on how the brain works in healthy subjects and 

after disease or injury. The aim of this doctoral thesis is to examine animal models of focal 

cerebral ischemic injury known as stroke.  It will summarise currently published information on 

two animal models of stroke, supplemented with additional data from our research.   

     Overall, the studies discussed in this thesis aim to characterise the distribution of experimental 

injury, and related behavioural outcomes, in both a rodent and Non-Human Primate model of 

stroke known as Middle Cerebral Artery Occlusion (MCAO).   This dissertation increases the 

domain of knowledge in stroke research through three novel findings; 

 
(1) This work quantitatively identifies inherent variability of MCAO 

procedures in rodents and primates, which had not been previously defined; 

 
 (2)  there exists inherent variability of MCAO histological outcomes in 

rodents and primates, which had not been previously defined; and, 

 
(3) that there is inherent variability of MCAO behavioural outcomes in 

rodents and primates, which had not been previously defined.  

 
These findings suggest three areas of increased statistical variability of these animal models, 

which have implications on current and future requirements for performing stroke research using 

these models. In summary, although it was thought that employment of these models was 

homogenous, the evidence presented in this thesis suggests otherwise, and has important 

implications regarding determining effects of novel interventional treatments.  

Summary of the Unique Thesis 

vi



v 
 

This dissertation aims to elucidate factors affecting two models of ischemic stroke to. Two 

main questions are evaluated in this thesis; 

 (1) Are common methods of using rat MCAO models a good proxy for human stroke?  

 (2) Are Non-human primate, monkey, MCAO models a better proxy for stroke research? 

Rats have long been used as subjects in neuroscience research as they are an inexpensive 

and abundant source of test cases. As a result, multiple studies employed rats to evaluate stroke 

treatments. As demonstrated, it does not appear that rats represent an appropriate proxy from 

which to understand the mechanism of stroke or to evaluate treatment efficacy. 

Monkeys have been used to study mechanisms of stroke, how to treat stroke, and minimise 

functional impairment post-stroke. While monkeys represent a better proxy for human brain 

structure and function, this thesis reviews benefits and problems from these models.  

The dissertation is divided into seven parts. Chapter 1 describes background information 

regarding the problem of stroke, and Chapter 2 the rationale for animal models of stroke. Chapter 

3 introduces and formalizes the problems to be addressed in the thesis. Chapter 4 examines the 

validity of rodent models and describes complications regarding rodent experimental models of 

stroke. These chapters suggest that rats are not in fact a good proxy for human stroke. The next 

three chapters attempt to answer the second research question regarding the use of non-human 

primate models. As discussed in Chapter 4, there exists substantial heterogeneity in the published 

literature of non-human primate models of stroke. In contrast, chapters 5 and 6 describe data 

recently obtained in neuroimaging and behavioural studies using monkeys to highlight an 

improved stroke model, but with notable limitations.  The final chapter offers recommendations 

for future research into stroke identification and treatment. For example, sample sizes in animal 

research are often extremely small, increasing probability of type one error and sampling bias.  
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 1  Lack of Ischemic Stroke Treatments Impedes the Health of Canadians 

 "Twice as many people died in 2020 of heart disease  (690,8820) as from COVID-19 (345,323). This 
 doesn't even include another 159,150 who died from stroke (in the United States of America). (...) it would 

 be wise for the CDC and HHS to put at least as much effort into preventing these chronic conditions as 
 Covid-19" 

 -  Dean Ornish, Online Comment, April 8, 2021; JAMA 

 CHAPTER ABSTRACT; 

 Chapter One describes foundational knowledge relating to this work, such as: what is meant by the 

 term ‘stroke’; functional impairments that typically occur after stroke; and the socioeconomic impact of 

 stroke. A basic understanding regarding pathophysiology of stroke is discussed.   This context provides the 

 reader with background as to why the research as outlined in this thesis was undertaken (Premise 1), and 

 leads into ‘how’ animal models provide a mechanism to examine pathology of ischemic stroke (Premise 2). 
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 1.0 Chapter Summary 

 The following chapter aims to discuss the impact of stroke, current clinical understanding of stroke, 

 and general methods for the diagnosis of stroke. Stroke is considered to be one of the leading causes of 

 death and disability (section 1.1), with high negative economic impact (section 1.2). Prior to understanding 

 why  researchers are interested in utilizing animal  models of stroke, and attempting to find cures, it is first 

 critical to understand  what  ‘stroke’ is. The term  stroke in actuality describes a broad range of pathologies. 

 Numerous Definitions of Stroke have been provided (section 1. 3), with recent classification systems 

 allowing detailed descriptions of stroke presentation and pathology (section 1.4).  There exist conditions that 

 mimic stroke. In cases of confirmed stroke, prognosis and treatments differ depending on the underlying 

 cause. Though stroke behavioral presentation and outcome measures are commonly employed clinically, 

 they are not necessarily the most accurate means of establishing diagnosis, treatment, or prognosis. 

 The pathology and pathophysiology of acute focal ischemic stroke has been hypothesized to be 

 contingent on blood flow thresholds of a given tissue (section 1.6). However, a challenge in stroke research 

 is the variability of outcome after apparently identical large vessel occlusions. Specifically, this variability 

 may be due to variations in the vascular anatomy of the main cerebral vessels, their intra-cerebral branches, 

 and collateral connections. In addition, there are likely differences in the vulnerability of tissues to ischemia 

 (section 1.5). A review the mechanisms of hyperacute cell death and damage in stroke (section 1.6.2) and 

 mechanisms of chronic to late-chronic post-ischemic seleque (section 1.6.5) identifies additional points of 

 heterogeneity. 

 Demographic factors have been shown to be predictive of outcome following stroke in humans 

 (section 1.7). Several diagnostic techniques have been developed to assess stroke (section 1. 8). The most 

 important of these clinical tools at the present time in assessing stroke are MRI (section 1.8.2), and fluid 

 biomarkers (section 1.8.3). 

 5 3



 1.1  Economic Impact and Epidemiology of Stroke 

 Long-term functional outcomes, diagnosis of disability, and mortality following any neurological 

 trauma depend on multiple factors, such as pre-injury socio-demographics, pre-injury comorbidity, injury 

 severity, post-injury personal factors, and post-injury environmental factors. However, stroke - an acute 

 form of brain injury brought on by a loss of blood flow - is a leading contributor to adult-related deaths and 

 long-term disability. Numerous statistics demonstrate that stroke is a major public health concern. 

 For example, the World Health Organization (WHO) estimates that 15 million people worldwide 

 experience a stroke every year, of which 5 million die and another 5 million are left permanently disabled 

 (Mackay et al., 2004)  . As such, the WHO has identified  stroke as the second leading cause of mortality 

 worldwide resulting in approximately 6.2 million deaths each year, which accounted for 11% of all deaths 

 (World Health Organisation,  2020  ). In 2013, stroke  was the second most frequent cause of death after 

 coronary artery disease, accounting for 6. 4 million deaths thus being 12% of total mortality (  Donkor,  2018)  . 

 Similar results are found in Europe, as seen in the National Institutes of Health (NIH) report, ‘Global 

 Burden of Ischemic and Hemorrhagic Stroke’  (GBD 2019  Stroke Collaborators, 2021;  Feigin et al., 2003  )  . 

 European estimates suggest that one in three citizens live with an acquired brain disorder, at a cost of €386 

 billion (  Olesen et al., 2012  ). 

 In North American society, stroke is estimated as being the third leading cause of death, and the 

 primary cause of disability (  Feigin et al., 2017  ;  Mozaffarian et al., 2015  ). Results from the American  Heart 

 And Stroke Association (AHA) update in 2009 estimated stroke was the cause of approximately one of 

 every 19 deaths in the United States (AHA,  2021  ).  Approximately 795,000 Americans experience a new or 

 recurrent stroke every year.  ‘Statistics Canada’ and  the ‘Ontario Stroke Network’ aggregate all 

 cerebrovascular diseases into a single measure.  Data  from Statistics Canada in 2019 suggest that stroke, 

 defined as ‘Cerebrovascular diseases (I60-I69)’ (see section 1.3), was rated as the 4th leading cause of death 
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 at 13,000 persons annually (  Statistics Canada, 2020  ), and  suggests the incidence of ‘stroke’ in Canada every 

 year is over 67,000 — one stroke every 10 minutes (  Ontario stroke network, 2020  ).  Similarly, the Australian 

 Bureau of Statistics estimated 12,000 people are affected by stroke annually, with 73% being first-time 

 stroke patients (Gov.  Aus. Stats, 2020  ). As not all  stroke victims experience mortality, there exists  an annual 

 average of ~350,000 Canadians living with the effects of stroke. That equates to ~3 affected persons per 

 1,000 of the total Canadian population annually.  Estimates  suggest that, of patients who survive the acute 

 effects of stroke, approximately 30% to 50% live less than one year (  Donkor, 2018  ). Thus,  the death-rate 

 due to cerebrovascular disease is approximately 14,000 annually (  Statistics Canada, 2020  ). 

 There are specific risk factors which predispose persons to have stroke (see sections 1.4.2; 1.4.3; 1.7). 

 Of note, there is a significant bias of stroke in the elderly, with two thirds of strokes occurring in those over 

 65 years of age (  O’Donnell et al., 2010; Caplan, 2016)  .  As the distribution of age of the Canadian 

 population continues to trend towards more elderly averages, it is likely the incidence of stroke will 

 increase. Indeed, statistical models suggest incidence of stroke will go from ~3 per 1,000 people in the 

 general population to 14.3 per 1,000 people in persons age 45 years and older, and subsequently double with 

 each decade to approximately 120 per 1,000 people amongst individuals over 75 years of age (  Mukherjee 

 &Patil, 2011  )  . 

 Disability is a common complication in those surviving  from stroke, with stroke a leading cause of 

 permanent disability (see section 1.7;  Donkor, 2018  ).  Near 75% of stroke survivors’ disabilities reduce or 

 prevent employability  (Westerlind et al., 2017)  . Of  stroke patients discharged from the hospital 55% require 

 additional care such as inpatient rehabilitation or home healthcare services (  Rodgers & Price, 2017)  .  These 

 burdens of stroke are often estimated in terms of economic impact, calculated as disability adjusted life 

 years (DALYs). Data suggest rates of stroke are increasing, with 10% of all deaths and 4% of DALYs lost 
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 were due to stroke (  Bennett et al., 2014)  . The reason for such a high socioeconomic burden is the high 

 prevalence of stroke, in addition to the profound deficits resulting from the ensuing brain trauma. 

 Morbidity and mortality associated with stroke have reduced due to increased public awareness for 

 the signs of stroke, and novel rapid clinical care protocols. Stroke treatment has undergone a revolution in 

 the last 20 years due to the introduction of neuroimaging (~1980’s), intravenous TPA (~1990’s), and 

 emergency microcather thrombectomy (~2015). However, death and disability relating to stroke continue to 

 be a burden on society, and are likely to increase. Estimates from the United states, Canada, and Australia 

 suggest that total healthcare expenditure costs relating to stroke are approximately $35 billion, $5 billion, 

 and $2. 5 billion each year, respectively. Importantly, the prevalence of stroke nearly doubled from 1990 to 

 2013 (  Bennett et al., 2014)  . 

 But, what actually is the pathology known as ‘stroke’? Surprisingly, the answer to this question is not 

 so simple. Understanding how the neurological disease called stroke came into medical and scientific 

 awareness is essential to developing an answer as to what stroke is, what stroke is not, and thus lay the 

 foundation for current research on the subject. 
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 1.2  History and Definition of Stroke 

 The term “stroke” was, and continues to be, used inconsistently. Indeed, even now a common phrase 

 used to describe prolonged hyperthermia is ‘heat stroke’, which has vastly different physiological 

 underpinnings from the disorder known as ‘ischemic stroke’. Thus, though perhaps confusing, it is 

 important to know that what clinician’s and society commonly refer to as ‘stroke’ is in actuality an umbrella 

 term for many cerebrovascular diseases. The English term ‘stroke’ commonly refers to a cerebrovascular 

 accident (CVA) or cerebrovascular insult (CVI), both of which mean an acute circulatory disorder of the 

 brain. This neurological state induces irreversible tissue damage, which is termed ‘infarction’. Acute stroke 

 is in many ways similar in significance and mechanism of onset to myocardial infarction or a "heart attack", 

 and thus the equivalent title "brain attack" can be used to describe cerebral infarction.  Terms used  to 

 describe strokes appear to be relatively consistent across languages and cultures (Table 1). 

 A term for ‘stroke’ has been used since mankind could make written records, with humans 

 recognizing stroke as a specific type of pathological event and attempting to catalog them. A  poplexia  is  the 

 first known medical terminology relating to what we now commonly refer to as  ‘stroke’,  and  roughly 

 translates as “struck down with violence”, or “to strike suddenly” (  Engelhardt, 2017)  .  Apoplexy, described 

 by the ancient Greeks in 300BCE, generally defined a disorder in which ‘  a person suddenly falls, without 

 consciousness or motion, retaining pulse and respiration  ’  (Engelhardt,  2017)  .  Apoplexy historically 

 included functional deficits arising from a variety of disorders, such as vascular and non-vascular acute 

 cerebral events (such as abscess, hydatids, tumors), and non-cerebral acute pathologies (such as myocardial 

 infarction, pulmonary embolism, intoxications, etc.). Of interest, this vague symptomatological definition 

 was still the common means of referring to ‘stroke’ well into the 1920’s. 
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 TABLE 1.  Use of the term ‘stroke’ across various languages. 

 Based on results from Google Translate. 

 10 8



 However, as the educational practice of post-mortem autopsies began, diverse causes for  a  poplexic 

 illnesses were revealed. Discovery of multiple underlying mechanisms of apoplexy allowed creation of 

 more precise classification and taxonotimization of various apoplectic diseases; termed  ‘etiology’  . Once 

 autopsies showed that apoplexy was not caused by one condition, its use as a diagnostic descriptor died out. 

 As such, the term “apoplexy” has virtually disappeared from modern medical literature. 

 To understand stroke, one must understand the vascular system. The blood vascular system comprises 

 the circulatory system, and blood vessels contained within it. Arteries, the complex series of tubes which 

 carry blood away from the heart, received the name from the ancient Greek word ‘arteria’, which mistakenly 

 refers to air. Arteries undergo extensive branching throughout the body, with minute arterial vessels termed 

 arterioles, and the smallest connections linking arteries to veins termed capillaries. However, the anatomical 

 understanding of the circulatory system as related to stroke was not to be linked for over 2000 years. 

 During the renaissance period, a preliminary understanding of the cerebral vessels began to receive 

 scientific documentation. One prominent example of the development of anatomical understanding of brain 

 vasculature was work by Vesalius, who famously disagreed with the ancient Greek descriptions of the 

 brain’s vessels produced by Galen. Specifically, in the publication of 1543 ‘  De humani corporis fabrica  ’  it 

 was suggested that the human brain, unlike that of other animals, did not have a meshwork of small 

 branches of the internal carotid artery, termed ‘  rete  mirabile  ’ (see Standring, 2016). Yet, it wasn’t until  the 

 mid 17th century, following new understandings of the circulatory system (  Harvey, 1645 as cited in 

 Standring, 2016  )  , that the cause of apoplexy was hypothesised  to be related to pathological function of 

 cerebral blood flow  (Wepfer, 1658  ;  Willis, 1683, see  Standring, 2016  )  . Wepfer was the first to identify 

 diverse mechanistic causes of “apoplexy”, marking the beginnings for the study of cerebrovascular diseases. 

 Throughout the 1700’s, a basic distinction was established between two main forms of “apoplexy”; 

 hemorrhagic and ischemic (“cerebral hemorrhage” and “cerebral infarction”;  Engelhardt, 2017)  . This 
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 division regarding two main classifications of ‘stroke’ endures today. In the 1800’s, Monro published 

 important findings relevant to stroke, that because the volume of the cranium is fixed that variation in the 

 intracranial contents induces a compensatory change in blood, brain, or cerebral-spinal fluid  (Monro,  1783)  . 

 During this century, the relevance of blood to the functioning of bodily tissues became more common 

 knowledge. The term  ‘infarction’  , derived from Latin  infarcire  meaning "to plug up or cram'', and the  word 

 ‘ischemia’  , derived from the Greek work  iskhaimos  ,  meaning "staunching blood", began to be commonly 

 used in descriptions of apoplexy. 

 By the 1890’s, famed neurological physicians Roy and Sherrinton proposed that cerebral blood in a 

 localized spatial region of the brain corresponded with local variations in functional activity of the cortex, 

 thus providing the first hypothesis regarding spatial localization of cerebral function  (Roy & Sherrington 

 1890)  . A mechanism by which brain tissues produce  behavior was soon proposed. Neuroscientists, 

 pathologists, and histologists Cajal and Golgi received the Nobel Prize in Physiology and Medicine in 1906 

 for their discovery of neuronal cytoarchitecture, and presenting the first theories regarding neuronal circuit 

 wiring (The Nobel Prize, 2022). A doctrine of "neuron theory" was established, which is widely considered 

 the foundation of modern neuroscience (Waldeyer, 1888; translated in Sheppard 2005, Chapter 14  )  . 

 By the 20th century, experimental investigations in animals began to quantitatively investigate 

 vascular flow rates within the brain; however the accuracy of these measures was often contested due to 

 anatomical differences between species (discussed in  Scremin et al., 1982  ;  Donnan et al., 2007  ). Medical 

 understanding of brain functioning and stroke was bolstered through work of Canadian neurosurgeons like 

 Penfeild, Evans, and Peterson, working at McGill university during the 1930’s. Penfield’s electrical 

 stimulation experiments of the brain provided the first topographical localization of behavioral functions 

 (Penfield & Rasmussen, 1950)  , while Evans under supervision  of Peterson and Penfield for their dissertation 

 performed the first experimental model of stroke in Macaque Monkeys via occlusion of the middle cerebral 

 artery (MCA;  Evans, 1937  ). 
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 Shortly afterwards, Dumke and Schmit produced the first estimates of cerebral perfusion thresholds 

 in macaques, with normal values between 100 to 150 mL/100g/min, and induction of hypoxia at an 

 estimated perfusion less than 36-77 mL/100g/min (  Dumke  & Schmidt, 1943)  . These investigations in 

 non-human primates were elaborated upon by many other research groups, such as Meyers (1940-1960; e.g., 

 Meyer, 1958), Symon (1960-1980; e.g., Symon, 1961), Crowell (1970-1990; e.g., Crowell & Olsson 1975), 

 Baron (1980-2010; e.g., Baron, 2001) and many, many others. For example, during the 20th century, 

 important discoveries were made regarding the dynamic and continuous, rather than all-or-none, nature of 

 ischemic injury and the ischemic penumbra. 

 By the late 20th century, a precise definition of stroke began to emerge. As a wide array of causes 

 exist for a person suddenly losing consciousness, it became essential to shift away from vague terminology 

 such as ‘stroke’ or ‘apoplexy’, toward more precise definitions. The United Nations’ specialized agency 

 responsible for international public health, ‘The World Health Organization’ (WHO), developed ‘the 

 International List of Causes of Death’ (ILCD) in the early 20th century. The term “apoplexy” was last 

 included as a medical term in the 4th Revision of ILCD during 1929  (Engelhardt, 2017)  . By 1955, the  ILCD 

 was re-named as the ‘International Classification of Diseases’ (ICD), with this 7th edition uniquely 

 reclassifying ‘cerebrovascular diseases’ as circulatory system diseases, rather than classifying ischaemia 

 based on the respective organ being affected (such as nephrotic, myocardial, or retinal ischemic injury). 

 However, it wasn’t until 1968 that the term “stroke (cerebrovascular)” first appeared in the ICD, defined as 

 "  A sudden onset of disturbance of focal brain function  due to the blockage or 

 rupture of blood vessels  "  (WHO, 1971 Annex 3, pg 53). 
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 In 1980, the WHO redefined diagnosis of ‘stroke’ as; 

 (...) rapidly developing clinical signs of focal (or global) disturbance of cerebral 

 function, with symptoms lasting 24 hours or longer or leading to death, with no 

 apparent cause other than that of vascular origin. 

 (  Aho et al., 1980, on behalf of the WHO, pg 113) 

 This definition provided by the WHO is, to this day, a useful guide in understanding the challenge of 

 classifying and thus treating stroke. Interestingly, this definition does not eliminate the possibility of 

 reversibility of  cerebral dysfunction. 

 However, this definition may include pathologies that are not primarily vascular in origin but 

 nevertheless have vascular effects (e.g., heat stroke, traumatic brain injuries, or chronic vascular 

 pathologies).  The term ‘stroke’ is most generally  associated with pathological functioning of the circulation 

 of blood within the brain, termed “cerebrovascular disease(s)”  , and is meant to describe an event of  the 

 cerebral vasculature which causes  a pathological reduction  in blood flow to the brain,  and results in  death  of 

 brain tissue  . However, specifications regarding cerebral  blood flow are not included in the definition 

 provided by the WHO. Thus,  a more specific and modern  focus regarding the definition of ‘stroke’ was 

 required. Luckily, advances in basic science, pathophysiology, and neuroimaging have provided an 

 improved understanding of ‘stroke’ subtypes and infarction within the central nervous system (CNS). 

 During the 1990’s, novel imaging technologies were introduced which allowed non-invasive 

 delimitation of the basic structures within the brain. Indeed, the 90’s has been termed the “decade of the 

 brain” in part due to the development and advancement of neuroradiological imaging techniques in clinical 

 medicine (  Kanekar et al., 2012)  . The introduction  of Computed tomography (CT), Positron Emission 

 Tomography (PET), and Magnetic Resonance (MR) scanners provided a general means to differentiate 

 tissues, and identify normal neuronal tissues from vascular and ischemic lesions. Indeed, it was during the 
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 1990’s that the first treatment of acute ischemic stroke, a fibrinolytic and  anticoagulant  agent Tissue 

 Plasminogen Activator (TPA), was approved for medical use (  Wang et al., 2000)  . 

 These discoveries regarding stroke generally increased public awareness of the disease, and spurred 

 more specific definitions regarding stroke onset and pathology. One important definition of ‘stroke’ for the 

 21st century proposed by the ‘American Heart and Stroke Association’ defines stroke as: 

 any objective evidence of permanent cellular death of the Central Nervous System 

 attributed to a vascular etiology based on pathological or imaging evidence with or 

 without the presence of clinical symptoms  .  (Sacco  et al., 2013, on behalf of  AHSA  ) 

 This definition, in contrast to that provided by the WHO, more specifically identifies the underlying 

 cause of neurological symptoms in stroke as being due to vascular disruption, and specifies requirement of 

 evidence for cerebral infarction. Of interest, however, this definition proposes that infarction may, or may 

 not, be accompanied by overt symptoms, often termed ‘sequelae’. Additional clarity regarding stroke 

 classification based on cause, set of causes, or manner of causation is discussed as etiology, and presented in 

 the following section. 

 15 13



 1.3  Etiology and Classifications of ‘Stroke’ 

 A medical classification allows the standardisation and transformation of diagnoses into statistical 

 codes, which aids quantification and tracking of diseases and other health conditions. Such nosologic 

 frameworks distinguish diseases on the basis of mechanism of onset and resulting pathology of tissues. As 

 such, they are essential in simplifying clinical data for health care providers, governmental health 

 departments, health insurers, software developers, and scientific researchers. Several standards exist for the 

 taxonomic classification of diseases, with the World Health Organization (WHO)’s ‘International 

 Classification of Diseases’ (ICD) considered a common standard for epidemiology, health management, and 

 clinical purposes, with over over 70,000 procedure codes and 69,000 diagnosis codes (  Beam et al., 2021  ). 

 Though the ICD is currently in its 11th edition as of 2019, classifications based on ICD-8, ICD-9, and 

 ICD-10 are still common (See Table 2). For example, in Ontario Canada, ICD-9 codes were implemented 

 for the financial billing and physician payments for clinical cases in the 2000s, and are at times still used for 

 this purpose today  (Walker et al., 2012)  .  A brief  summary of these clinical administrative data codes of the 

 ICD and its various versions are summarized in Table 2. 

 Other systems of classification do exist internationally, though used less frequently. These may 

 include classification schemes by specific insurance providers, or internal databases, but commonly known 

 international examples include: Classification Commune des Actes Medicaux (CCAM;  Bousquet et al., 

 2010)  ; International Classification of Primary Care  (ICPC;  Verbeke et al., 2006)  ; Office of Population 

 Census and Surveys Classifications of Interventions and Procedures (OPCS-4,  Herbert et al., 2017)  ; , 

 Canadian Classification of Health Interventions (CCHI;  Fung et al., 2021)  , in addition to several others. 
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 TABLE 2.  International Classification of Disease codes for Stroke 

 Stroke, 
 Hemoragic 

 Stroke, 
 ischaemic 

 Stroke, not 
 defined 

 Cerebrovascular 
 diseases 

 ICD 8  431  433/434  436/437  430–438 

 ICD 9  431  433/434  436/437  430 - 438 

 ICD 10  I61  I63  I64  I60 - I69 

 ICD 11  8B00  8B10, 8B11  8B20  8B00 - 8B26 
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TABLE 2. International Classification of Disease codes for Stroke



 Cerebrovascular diseases as described in ICD encompass a broad group of neurological disorders, all 

 of which alter the blood supply of the underlying cerebral tissues. Understanding and further characterizing 

 mechanisms resulting in l  oss of blood to the brain  - either by occlusion or disruption of the cerebral 

 vasculature - induces a state of ischemia in the brain. In general, ICD separates ‘  stroke’ into two major 

 subtypes: ischemic stroke (ICD-9/ ICD-10 I63, ICD-11 8B10); and haemorrhagic stroke (ICD-9/ICD-10 

 codes I60 to I62, ICD-11 8B20)  .  Of all stroke cases,  approximately 63-87%  are considered ischemic in 

 origin, with the remaining 13-27% being  haemorrhagic  (Donkor, 2018;  GBD Stroke Collaborators, 2021)  . 

 Of note, additional codes relating to hemorrhagic stroke include; ICD-8/9 430 or ICD-10 I60 for 

 subarachnoid haemorrhage (SAH), ICD-8/9 431 or ICD-10 I61 for intracerebral haemorrhage (ICH; see 

 section 1.4.2). 

 For ischaemic stroke, there are four general types of ischemic strokes relating to the anatomic 

 distribution and causative mechanism: i) cardioembolism, ii) small-vessel or lacunar occlusion, iii) 

 hemodynamic (watershed) infarction, and iv) large-artery occlusion (discussed in section 1.4.3). These 

 relate to ICD-8 codes 433/434 and ICD-9 434 (occlusion of the cerebral arteries) and ICD-10 I63 (cerebral 

 infarction).  Importantly, it should be identified  that these ICD codes relate to the acute onset and 

 presentation of stroke pathology. The behavioural consequences of cerebral infarction and tissue loss are 

 defined separately; termed ‘sequelae of cerebrovascular disease’ (ICD-9/10 I69), or as ‘late effects of 

 cerebral ischemic stroke’ and ‘vascular syndromes of brain in cerebrovascular diseases’ (ICD-11 8B25, 

 8B26). 

 In general, a broad range of codes for cerebrovascular  disease are used to identify cases of acute 

 stroke, and thus multiple diagnostic and administrative names can describe similar or near identical clinical 

 cases (  Andrade et al., 2012  ;  McCormick et al., 2015  ).  Even with the use of administrative coding, a myriad 

 of variables result in diagnostic variability in the codification of stroke, which at present remains an 
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 uncontrolled confound to accurate epidemiological classification and analysis. Unfortunately, even with 

 assistance of the ICD, presentations of Stroke are heterogeneous and not defined consistently by clinicians 

 or researchers  (Abbott et al., 2017)  . Thus, the true  incidence of this problem may differ than estimates from 

 databases of clinical codes. 

 Though a useful means of articulating stroke pathologies, the classification of stroke types should be 

 viewed with some skepticism.  Hemorrhagic and ischemic stroke are often considered separate pathologies, 

 but they often coincide in a single patient as seen in 3–40% of all stroke patients (  Spronk et al., 2021)  . 

 Indeed, an initial ischemic injury can induce secondary neurological complications such as haemorrhage, or 

 haemorrhage in the brain can induce subsequent episodes of vasospasm and ischemic stroke  (Francoeur & 

 Mayer, 2016)  . Too,  a critical challenge in stroke  is that current treatment strategies are contraindicated 

 depending on the stroke etiology being either ischemic or hemorrhagic in nature. Treatment with 

 fibrinolytics or endovascular thrombectomy is recommended only within the 6 hour acute window, and 

 should not be pursued if the stroke subtype is hemoragic. Indeed, loss of the blood-brain-barrier is in part 

 why fibrinolytics are only admissible within the acute period of stroke, as the degradation of protein clotting 

 in necrotic tissues may induce secondary hemorrhage. 

 As such, clinical coding is not applied perfectly. Estimates suggest that clinical codes for stroke have 

 a statistical sensitivity and specificity, of ~87% and ~72%, respectively (  Goldstein, 1998;  McCormick  et al., 

 2015  )  . Some would argue that only cases with definitive  evidence of cerebral infarction, such as through 

 neuroimaging, should be classified as ‘stroke’. However, the utility versus cost of such practices may be 

 unreasonable at present  (Abbott et al., 2017)  . Thus,  it should be emphasized that the common descriptions 

 of stroke are often a simplification of the physiological underpinnings, and clinical challenge, which is 

 stroke. 
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 1.4  Stroke Presentation and Outcome Measures 

 Prior to detailed descriptions of stroke etiology, it is important to recognize that there are many 

 clinical presentations of stroke, and other pathologies.  Assuming that stroke is indeed the diagnosis, there 

 are a range of severities which may be encountered. Too, different tools of measuring disability or pathology 

 may produce a different assessment of stroke severity in a single patient. An excellent illustration of the 

 challenge of stroke measures and a review of methodologies is provided by  Van Gijn (1992). In reviewing 

 41 common clinical measures of stroke, Van Gijn proposed four general categories of initial tests to support 

 stroke diagnosis: level 4: measures relating to quality of life; level 3: measures disability or handicap 

 severity, Level 2: measures of overt stroke clinical manifestations; and level 1, measures biological 

 indiations disease. Level 4 is reflective of a patient's overall functioning yet difficult to measure. 

 Conversely, moving down to Level 1 results in measures having greater specificity, such as a quantifiable 

 lactate or d-dimer level, but not necessarily being relevant to overall health. Prospective research on these 

 quantifiable markers are discussed in sections 1.8.2 and 1.8.3. 

 However, common clinical practice uses Levels 2 to 4, which are useful for understanding general 

 behavioural trends of stroke. These gross measures, though non-specific, attempt to measure general 

 symptomatology of stroke regardless of etiology.  Thus  the following is a general discussion of brain areas 

 commonly affected by stroke, related behavioural disability, and common method used to make a clinical 

 diagnosis of stroke and the degree of illness severity in a patient. 
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 TABLE 3.  Overview of brain regions affected by occlusion of the Middle Cerebral Artery 

 Anatomy  Functional effects 

 Frontal Lobe 

 Orbitofrontal 
 Memory deficits 
 impulsivity 
 Emotional/personality alterations 
 Stereotypic behaviours 

 Pre-motor Strip  Ataxia of contralateral extremities 
 Gaze preference ipsilateral to lesion 

 Motor Strip 
 (Inferior & Superior; 
 Genu & Posterior 
 Corona Radiata) 

 Hemiparesis / hemiplegia of: 
 V2N3 contralateral face (possible 
 dysphagia) 
 contralateral upper extremities 
 contralateral lower extremities 

 Somatosensory Strip 
 (inferior & Superior; 
 Genu & Posterior  Corona Radiata) 

 Sensory loss of: 
 V2N3 contralateral face (possible  dysphagia) 
 contralateral upper extremities 
 contralateral lower extremities 

 Temporal Lobe 
 (Superior, middle, 
 ventromedial; 
 Optic radiation) 

 Auditory and Visual agnosia 
 Apathy and amnesia 
 Contralateral homonymous 
 hemianopia 

 Insular Cortex  Proprioception and sensation 

 Parietal lobe 
 (inferior / temporal- 
 partial junction) 

 Apraxia / spatial disorganization 
 Hemispatial neglect 
 Ipsilateral circling / rotational 
 behaviour 

 Basal Nuclei 
 (Globus pallidus, 
 Caudate, Putamen) 

 Hyper- / hypo-kinesia 
 Impulsivity 
 General motor-cognitive regulation 
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TABLE 3.   Overview of brain regions affected by occlusion of the Middle Cerebral Artery



 As mentioned,  Roy and Sherrinton proposed that localized  spatial regions of the brain corresponded 

 with local variations in brain activity  (Roy & Sherrington,  1890)  . As an example, the arms are commonly in 

 the medial precentral gyrus, usually supplied by the MCA artery. Loss of blood to this region causes 

 dysfunction of the arms. Thus, behavioural presentation of neurological diseases reflects what regions are 

 experiencing dysfunction. A common representation of this is the ‘cortical homunculus’, where each part of 

 the body is mapped in a specific brain region (  Penfield  & Rasmussen, 1950  ). 

 Multiple brain areas can become affected following a large vessel ischemic stroke. Heterogeneous 

 presenting symptomatology of stroke is due to which of many brain regions are affected, and can include; 

 basal ganglia systems of the caudate, putamen, and globus pallidus; cortical grey matter of the prepyriform, 

 claustrum, precuneus, entorhinal cortex, superior temporal gyrus, oritobofrontal gyrus, opercular gyrus, 

 insula; or white matter tracts of the corona radiata, uncinate fasciculus, cingulum, arcuate fasciculus, 

 superior and inferior longitudinal fasciculus, and general association fibers found in the occipital, temporal, 

 parietal, and inferior frontal regions (  Ramirez-Garcia  et al., 2019;  see Table 3). This can result in a  myriad 

 of symptoms, such as sudden dizziness, loss of vision, numbness or weakness, confusion, trouble speaking 

 or understanding speech, lack of coordination, and/or severe headache. 

 Injury to motor and somatosensory cortices induces paralysis, resulting in loss of dexterity and 

 sensory- proprioceptive dysfunction on the contralateral side of the body. Pure upper-motor hemiparesis can 

 occur from damage to basal ganglia systems and the genu of the internal capsule, but can also manifest as 

 hyper- or hypo-kinesia, though bradykinesia is most common following MCA occlusion  (Heiss, 2016)  . 

 Pre-motor and parietal involvement can result in ataxia of sequential movements or seizures. For example, 

 epilepsy is common in the post-injury period. The frequency of seizures post-stroke ranges between 2.3% 

 and 14%, and can persist for the rest of the patients’ lives  (Menon & Shorvon, 2009  ). Long-term disability 

 relating to musculoskeletal functioning and mobility are prevalent post-stroke symptoms, and are estimated 

 to between 40-96% of stroke patients  (Chen et al.,  2013; Jang, 2009; Schabrun & Hillier, 2009)  . 
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 Other deficits due to infarction of premotor frontal eye fields and right inferior parietal lobe are 

 spatial inattention and ipsilateral deviation of gaze  (Bach-y-Rita, 1971)  . This ‘general hemineglect’ results 

 from damage to non-dominant parietal association areas. Visual field cuts, referred to as contralateral 

 homonymous hemianopsia, can occur from loss of WM integrity in Meyer's loop, likely due to low 

 collateral flow to the region  (Johnson, 1935)  . Finally,  orbitofrontal cortex and frontal white-matter 

 involvement can induce a range of disability. This includes impulsivity, working memory, memory 

 integration, and thus relating to general cognitive ability (  Fukuda & del Zoppo, 2003)  . Approximately  10% 

 of patients develop dementia following stroke, and 30% developed dementia after a recurrent stroke 

 (  Pendlebury & Rothwell, 2009)  . Furthermore, depression  affects an estimated 31% of patients in the acute 

 period after a stroke (  Hackett & Pickles, 2014)  . Additional  post-stroke complications include cardiovascular 

 complications (e.g., myocardial infarction, venous thromboembolism), pulmonary complications (e.g., 

 pneumonia), urinary/bowel complications (e.g., incontinence, constipation, urinary tract infections), 

 complex pain (e.g., hyperalgesia), and mood disorders (e.g., Depression; Canadian partnership for stroke 

 recovery, 2018). 

 In summary, survivors of stroke-related brain injury experience physical, cognitive, and psychosocial 

 deficits that disturb their emotional, mental and social performance in their daily lives. Patients often 

 describe vague changes in functional neurologic status initially, rather than obvious acute neurological 

 symptoms, at times making diagnosis a challenge  (Buck  et al., 2021)  . 
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 1.4.1 Common Clinical Tools for Quantifying and Measuring Stroke-Related Deficits 

 Following descriptions of behavioral deficits post-stroke, the following describes common methods 

 for measuring these deficits, grouped into four categorizations similar to those proposed by  Van Gijn (1992)  . 

 Behavioral assessment is one of the most commonly used methods for stroke diagnosis, prognosis, and 

 quantification of patient outcome.  A reproducible  and valid method for quantification of the neurological 

 deficit that occurs after stroke is essential for monitoring patients, with numerous stroke scales proposed to 

 meet this purpose. A summary of stroke-related scoring systems is shown in Figure 1. However, none of 

 these scoring systems is ideal, with issues of simplicity, reliability, validity, and popularity of use frequently 

 reported. Too  , a challenge in these commonly employed  behavioural assessments is that baseline function – 

 meaning how the patient performed prior-to stroke – is almost never available.  It is easy to imagine  an ideal 

 world, in which every patient regularly visits a neurologist. However, reality is often different. 

 LEVEL 4: ‘Global Outcome’ measures attempt to quantify the long-term restriction of the patient's 

 life-style after neurological injury. These include the Rankin Scale (RS;  Rankin 1957)  , and modified  Rankin 

 Scale (mRS;  Farrell et al., 1991; van Swieten et al.,  1988)  , as well as the Glasgow Outcome Scale (GOS; 

 Jennett & Bond 1975  ;  Teasdale & Jennett 1974)  . Other  less common examples, regardless of health 

 condition, include the WHO’s Disability Assessment Schedule (WHODAS; Üstün & WHO, 2010), which 

 has been validated in various conditions, including stroke (  Küçükdeveci et al., 2013)  . The Rankin Scales  are 

 particularly common in clinical trials of stroke, being a 6 point scale, with 0 indicating no functional 

 disability, and 6 indicating death. However, such scores are known to have low inter-rater reliability, with 

 distinction between ‘mild disability’ and ‘moderate disability’ - a common threshold for ‘good’ versus ‘bad’ 

 outcomes - poorly defined  (  Nobels-Janssen et al.,  2022; Wilson et al., 2005)  . 
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 LEVEL 3: Moving into greater behavioral specificity are measures of ‘activities of daily living’ 

 (ADLs) such as the Barthel Index (BI;  Mahoney & Barthel 1965)  , or Frenchay Activities Index (  Schuling et 

 al., 1993;  see  Gotoh et al., 2001  for additional examples).  Of note, the Barthel Index is widely acknowledged 

 for measuring ADLs, and is one of most widely used functional outcome scales in European stroke trials 

 (EMA, 2001)  . These scoring systems can provide greater  specificity, as they attempt to quantify  medical 

 complications in the short- and long-term, such as: bladder and bowel dysfunction; venous 

 thromboembolism; seizures; osteoporosis; central pain states; fatigue, and insomnia. One could also include 

 results of general neuropsychological scoring in this category, such as the Montreal Cognitive Assessment 

 (MoCA) or the Mini-Mental State Examination (MMSE) to indicate declines in cognitive ability 

 (Pendlebury et al., 2010)  . 

 LEVEL 2: use of medical indicators and so-called "stroke specific’ indicators. Stroke scales refer to 

 semiquantitative ratings based on clinical manifestations of stroke, and are primarily intended to have 

 predictive inference towards level 3 or 4 functional outcomes.  For example,  neurological symptoms, 

 including; pupillary dilation; anisocoria; altered consciousness; paralysis; degree of weakness or aphasia. 

 Each can indicate severity of tissue dysfunction or excessive intracranial pressure (Chen et al., 2011). These 

 clinical signs can provide precise information regarding pathology, but do not necessarily indicate the 

 outcome of a patient (van Gijn, 1992). Numerous stroke impairment scales have been developed, including; 

 Fugl–Meyer Assessment Scale  (  Fugl-Meyer et al., 1975)  ,  Allen Prognostic Scale  (  Allen 1984)  ,  European 

 Stroke Scale  (  Hantson et al., 1994)  , Canadian Neurological  Scale  (  Côté et al., 1989; 1986)  , Hemispheric 

 Stroke Scale  (  Adams et al., 1987)  , Mathew Stroke Scale  (  Gelmers et al., 1988; Mathew et al., 1972  ; Liong 

 & Hacking, 2020  )  , NIH Stroke Scale  (NIHSS;  Brott et  al., 1989; Goldstein et al., 1989)  , Orgogozo Scale 

 (  Orgogozo et al., 1983)  , Scandinavian Stroke Scale  (  Scandinavian Stroke Study Group, 1985), Toronto 

 Stroke Scale  (  D'Olhaberriague et al., 1996; Norris  1976)  , to list a few. Of these, the NIHSS has been 
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 considered one of the most detailed and commonly implemented methods, which includes a scoring system 

 of 41 points encompassing the patient’s capacity for language, movement, consciousness, and other stroke 

 specific symptoms. As these scales often use specific clinical indicators, construct validity has been 

 supported. For example, the National Institutes of Health Stroke Scale (NIHSS) correlates well with the 

 simpler Canadian Neurological Scale  (  Nilanont et al.,  2010)  . However, a caveat with these scoring systems 

 is comparison. For example, the relative weights of factors relating to functional disability - such as 

 consciousness, language use, motor weaknesses, visual function, neglect and cognitive difficulty, facial 

 palsy, and sensory impairment - are unequal among scoring systems. Though new scoring tools have been 

 attempted with these measures (see Gotoh et al., 2001), they have not been widely implemented into clinical 

 practice. 

 Indeed, recent analysis by Quin et al., (2017) suggest differences in the prognostic accuracy of stroke 

 scales, where even in the presence of pre-stroke functional scores, the best performing scale had prognostic 

 accuracy that may not be sufficient as a basis for clinical decision-making (at best, having 80% sensitivity 

 and 40% specificity;  Quinn et al., 2017  ). Regardless  of these caveats, the simplicity and time-cost benefits 

 of these scores result in their widespread use.  Indeed,  though more detailed neuropsychological 

 investigations and scores could be implemented, they are not always optimal due to issues regarding the 

 amount of time required to implement. 
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 FIGURE 1.  Summary of  Common clinical functional scoring systems  for stroke  . 

 Based on data presented by  Duncan et al., 2000; Gotoh  et al., 2001  . 

 Figure by Harrison, 2022 
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 1.4.2  Stroke Mimics, Silent infarction, and Similar Pathologies 

 On first contact, clinicians must first diagnose  whether the patient is indeed experiencing some form 

 of ‘stroke’  (Buck et al., 2021)  . A number of potential  medical complications can result from stroke, and 

 other neurological diseases. The following sections generally discuss underlying mechanisms of 

 stroke-mimics, and the main subtypes of stroke; all of which can acutely show the aforementioned 

 behavioural deficits.  Foreshadowed by the definition  of stroke provided by the American Heart and Stroke 

 association, a challenge in stroke classification is the existence of ‘stroke mimics’ and ‘silent infarction’, 

 which complicate both defining stroke and clinical care of stroke. 

 Regarding stroke mimics, several diseases are considered ‘cerebrovascular’ pathologies which have 

 similar behavioural effects, imaging presentations, and post-injury outcomes, though vastly differing 

 underlying mechanisms. For example,  stroke is often  due to  large vessel occlusions (LVOs), but some may 

 mistakenly use the term ‘stroke’ to describe small vessel diseases (SVDs). T  hough these are both 

 ‘cerebrovascular’ diseases  , the pathology of SVD is  quite different from stroke. 

 SVDs most commonly refers to  immunological or metabolic  diseases such as progressive vascular 

 leukoencephalopathy (aka Binswanger's disease, ICD-9 167. 3, ICD-11 8B22/6D81) and cerebral amyloid 

 angiopathy (CADISL, ICD-9 I68/E85, ICD-11 8B22). Other disorders of metabolism and vascular function 

 which may mimic stroke include, ‘Mitochondrial encephalopathy with lactic acidosis and stroke-like 

 episodes’ (MELAS; ICD-11, 8C73) and vascular dementia (ICD-9 FOl), both of which are classified 

 separately in the ICD. 
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 Conversely, there exist syndromes with mechanisms of onset or pathology synonymous with stroke, 

 but classified as as a separate categories in the ICD, such as; traumatic intracranial haemorrhage 

 (ICD-9/ICD-10 S06), transient cerebral ischaemic attacks (TIA; ICD-9/ICD-10 G45), or clinically silent 

 cerebral infarction (ICD-9/ICD-10 R90. 83). However, the current means of differentiating a TIA and silent 

 infarction from an ischemic stroke is challenging. Stroke and TIA have traditionally been distinguished by 

 way of duration (more or less than 24 hours) and the presence/absence of permanent brain infarction. Often, 

 diagnosis of stroke is dependent on either tissue-based, time-based, or behavioural based definitions; which 

 may not necessarily be in agreement between physicians. For example, diagnosis of TIA is contingent on 

 overt symptoms which resolve within 24 hours, and ‘no clinical evidence of permanent injury to the brain’, 

 whereas silent infarction suggests that there is not overt behavioural symptomatology, but that there is 

 clinical evidence of permanent injury to the brain  (Sacco et al., 2013  ). 

 Advances in neuroimaging have resulted in many neurological events that would previously have 

 been labelled as TIA now being considered as ‘minor strokes’, such diagnosis is an area of ongoing 

 controversy (  Sacco et al., 2013  ). Too, and of interest  regarding estimates of prevalence, results suggest 

 approximately 15% to 20% of patients administratively coded as having a ‘stroke’ never actually had one 

 (  Goldstein 1998)  . Inclusion of ‘silent’ pathology  within stroke complicates data regarding incidence, 

 prevalence, morbidity, and mortality data. For example, it is possible that a region of tissue has experienced 

 ischemic damage, but is not well visualized in common neuroimaging protocols, such as the difference 

 between use of T1 structural imaging versus T2 FLAIR sequences (discussed in section 1.8.1, 1.8.2).  The 

 time-critical nature of stroke intervention results in a low threshold for patient triage, resulting in admission 

 conditions that mimic stroke. Indeed, some estimates have suggested as few as 8% of suspected stroke cases 

 are actually stroke (  Goldstein & Simel, 2005; Tarnutzer  et al., 2011)  . This makes initial clinical diagnosis 

 and differential follow up even more challenging, as many stroke-mimics slow effective clinical care. 
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 1.4.3  Hemorrhagic Stroke 

 Discussion of hemorrhagic stroke is critical to understanding various presentations of ‘stroke’, and 

 complications following ischemic stroke. As mentioned, two central classes of stroke are ‘hemorrhagic’ and 

 ‘ischemic’, with visual differences of the two pathologies shown in  Figure 2.  Generally a hemorrhagic 

 stroke defines bleeding in the brain, such as from a  cerebral vessel bursting into the brain parenchyma  or the 

 subarachnoid space. Estimates suggest that approximately 13-27% of all stroke cases are considered 

 haemorrhagic (  Donkor, 2018;  GBD 2019 Stroke Collaborators  2021)  . However, the rate of mortality in 

 hemorrhagic stroke is significantly high. Estimates suggest that between 35% to 65% of individuals who 

 experience hemorrhagic stroke die within one year, of which 25% of deaths occur within the first few days 

 (Flaherty et al., 2005;  Martin & Rymer, 2011  )  . Indeed  a common rationale for the higher mortality in 

 hemorrhagic stroke is that secondary vasospasm is common following any form of hemorrhagic stroke. The 

 presence of blood, specifically the iron component of stagnant blood, outside of the cerebral vessels results 

 in the vessels undergoing spasm. Too, as the intracranial space is of a fixed volume, increases of blood in 

 the intracranial space causes a proportional increase of intracranial pressure. Thus, hemorrhagic strokes can 

 induce cell death through loss of blood by reduced flow, acute vasoconstriction, and intracranial 

 compression within the limited space of the skull, all of which result in widespread cerebral tissue damage 

 (Monro, 1783)  . 

 The rupture of a focal dilation of an artery by a vascular deformation, known as an aneurysm or 

 arteriovenous malformation (AVM), are the most common causes of a hemorrhagic stroke in the absence of 

 trauma  (Karibe et al., 2014)  . Predisposing factors  that increase risk of hemorrhagic stroke include; 

 hypertension, amyloid angiopathies, advanced age, previous history of stroke, anticoagulant therapy, 

 arteriovenous malformations, alcohol abuse, and cocaine abuse. Of interest, estimates suggest that 

 two-thirds of persons who experience hemorrhagic stroke were comorbid for hypertension  (  O’Donnell et al., 

 2010  )  . 
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 The etiologies most associated with the term 'hemorrhagic stroke’ are subarachnoid hemorrhages and 

 intraparenchymal haemorrhages. Intraparenchymal haemorrhages are common, and are at times referred to 

 as an ‘  intracerebral haemorrhage’  . The parenchyma  is a generic medical term which relates to the functional 

 substance of any internal organ. In the brain, this relates to the grey matter, white matter, and deep nuclei 

 rather than meninges or fluids surrounding the brain. Intraparenchymal hemorrhagic strokes can also present 

 as ‘microbleeds’, which result from the leaking of small vessels and capillaries and are estimated to be 

 present in 5% of all stroke patients  (Aguilar & Brott,  2011)  . 

 Other intracranial bleeds, such as subarachnoid hemorrhages (SAH), may also be classified as a 

 hemorrhagic stroke. A subarachnoid haemorrhage occurs when there is bleeding into the subarachnoid space 

 between the arachnoid mater and the pia mater surrounding the surface of the brain. Subarachnoid 

 hemorrhage can be found in approximately 5-6% of all stroke patients, caused mainly by a ruptured cerebral 

 aneurysm or rarely by vascular malformation  (Martin  & Rymer, 2011)  . A subarachnoid hemorrhage, in 

 absence of intraparenchymal haemorrhage, causes minimal direct damage to the brain, but can increase 

 intracranial pressures, compress blood vessels, and precipitate ischemia through vasospasm. 

 Because there exist pathological similarities between traumatic, aneurysmal, and subarachnoid 

 haemorrhage, namely the loss of vascular integrity, similar therapeutic approaches are beneficial. For 

 example, nimodipine, an L-type voltage-gated calcium channel blocker with good blood–brain barrier 

 permeability, has clinically proved its efficacy in treating vasospasm  (Martin & Rymer, 2011)  . In summary, 

 hemorrhagic stroke is considered to be a less frequent cause of stroke, but can occur following an ischemic 

 stroke. This variant is known to have worse prognosis compared to ischemic strokes because of the 

 deleterious effects of increased intracranial pressures, free-blood coming in contact with neural tissue, and 

 secondary ischemic induction. Thus, though hemorrhagic stroke is the minority of stroke cases, it has a far 

 greater incidence of mortality, with hemorrhagic strokes the most frequent cause of stroke related fatality. 
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 FIGURE 2.  Hemorrhagic vs Ischemic stroke; CT and illustration 
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testLeft side, ischemic stroke. Right side haemoragic stroke. 
  Top: Illustration of ischemic vs hemoragic stroke. Regions  coloured blue depict tissues undergoing injury. 
     Circles depict sub-etiologies of the two main etiologies. for example, ischemic stroke can be induced due to
      a blockage from a laculunar, embolic, or thrombolicit process. 
 Bottom: stock photo of a CT image from an ischemic patient, and a hemoaragic stroke patient. 

Open-source photo, Radiopedia.org.

By K. Harrison. 

30

A) Illustration of Etiology

B)

Ischemic & Hemorrhagic Stroke

Ischemic                                               Hemorrhagic

Computed Axial Tomography



 1.4.4  Ischemic Stroke 

 Ischemia, the term defining an inadequate blood supply to an organ or part of the body, induces 

 cellular events that lead to death of tissues unless there is reperfusion of the cerebral vasculature within a 

 sufficient period of time. Though global ischemia can occur due to total loss of the circulation, ischemic 

 stroke usually refers to a localized region termed ‘focal cerebral ischemia’. Several categories of ischemic 

 stroke are described by the causative mechanism and anatomic distribution. 

 Regarding mechanisms of ischemic stroke, these can be simplified as vascular obstruction caused by 

 (1) gradual hypoperfusion (i.e., stenosis causing watershed ischemia), or (2) sudden hypoperfusion (i.e., 

 embolism by a thrombus;  Adams et al., 1993  ;  Amarenco  et al., 2009)  . Firstly, gradual narrowing of vessels 

 eventually causes hemodynamic failure. For example, ischemic stroke can occur if the boundary region 

 between two vessels provides inadequate supply of blood, termed a ‘watershed infarct’ (ICD-I63;  Sorgun  et 

 al., 2015)  . This can be due to many pathologies, but  most commonly vascular stenosis by a fibrinous 

 thrombus or cholesterol rich atherosclerotic plaque within a cerebral artery. Furthermore, vascular stenosis 

 often causes vascular ulceration, which can cause embolism secondary to stenosis. A second means for 

 precipitating ischemia is embolic stroke, with the term embolism referring to a transient forign object in the 

 vasculature. Embolic strokes occur when a blockage-causing material in the circulatory system is mobilised 

 through the bloodstream, and occludes a cerebral artery. Some of the most common forms of embolism are a 

 thrombus/thrombi (also called blood clots) from cardioembolism and/or thromboembolism  (Arboix & Alió, 

 2010)  . For example, artery-to-artery embolism occurs  when a thrombus of a distant blood vessel which then 

 travels to become lodged in the lumen of a narrower cerebral vessel. Additional sources of emboli are fat, 

 bacterial clumps, metastatic tumors and introduced foreign bodies (  Caplan, 2016  ;  Dudney & Elliott 1994)  . 

 Too, other conditions can precipitate embolic ischemia, which include; hypercoagulable states, 

 fibromuscular dysplasia, arteritis, and primary arterial traumatic impact such as in traumatic brain injuries. 
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 Regarding anatomical distribution, it is important to realize that obstruction of cerebral arteries can 

 occur at any level. Thus, ischemic stroke can precipitate from larger vessels - such as the internal carotid 

 artery (ICA) - as well as small penetrating arteries/arterioles - such as the lenticulostriate penetrating 

 branches of the middle cerebral artery. In both mechanisms of gradual or sudden occlusion of a blood 

 vessel, these are commonly segregated furthur based on anatomical location. For example, the most 

 simplistic division is local perforator ischemia (also called lacunar occlusion), large-vessel occlusions 

 (LVOs). In this thesis and experimental investigations conducted, we focus on LVOs (also called large 

 arterial occlusion, LAOs). 

 As the name suggests, LVO indicates ischemic stroke induced through obstruction of a main cerebral 

 arterial supply, with the definition of a large artery occlusion by the well cited TOAST criteria is “  …stenosis 

 or occlusion of a major brain artery or branch cortical artery, presumably due to atherosclerosis  ” (A  dams 

 et al., 1993  ). This can include a middle cerebral  artery (MCA), anterior cerebral artery (ACA), posterior 

 cerebral artery (PCA), or other primary brain vessel. Meta Analytic investigations suggest that,  across 

 studies, prevalence of stroke induced by LVO encompases approximately 22.5–88.5% of all ischemic stroke 

 cases (  Lakomkin et al., 2019; Malhotra et al., 2017)  .  As previously mentioned, of all stroke cases, 

 approximately ~87%  are considered ischemic in origin  ,  it can be estimated that LVO constitutes 

 approximately 30 - 50% of all cases of stroke. For persons experiencing an MCA-LVO, mortality is 

 approximately 20-25% (Malhotra et al., 2017). 

 Describing stroke by the anatomical localization of infarction has proven a useful simplification, as 

 behavioural functions often map to the same brain region (see section 1.4). For example, the MCA territory 

 is thought to almost always include motor, sensory, and association areas of the cortex. However, defining 

 LVO, like defining ‘stroke’, can be a challenge, and often requires specification on the anatomical 

 distribution of the affected region, how the brain tissues compensate for ischemic stresses, and the ability of 

 patients to recover from injury, as discussed in the following sections. 
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 1.5  Cerebrovascular Anatomy and Focal Ischemic Stroke 

 Though the adult brain is estimated to compose 2% of a human’s body weight, it sequesters 

 approximately 15-25% of the cardiac arterial output (  Camandola and Mattson, 2017; Richter, 2013 p.222; 

 Xing et al., 2017)  . Movement of blood to the brain,  face, and scalp is dependent on the common carotid 

 arteries, and by the vertebral arteries. These arteries supply blood to cerebral tissue, and coalesce within the 

 base of the cranium to make the ‘circle of willis’. The anterior and posterior circulations communicate 

 through the circle of willis via anterior and posterior communicating arteries (see Figure 3). Of particular 

 importance is the internal carotid artery (ICA), which upon entering the skull foramen becomes further 

 subdivided into the anterior cerebral arteries (ACA) and middle cerebral arteries (MCA) in the circle of 

 Willis. From an evolutionary perspective, the middle cerebral artery and vessels derived from it are 

 phylogenetically one of the youngest cerebral vessels, with the MCA arising from the ACA and 

 lenticulostriate vessels in response to expansion of the neocortex  (Lasjaunias, 2000; Klostranec & Krings, 

 2022; Shapiro et al., 2020)  . 

 To identify what factors influence infarction, the following section describes how differences in the 

 regions of vulnerability and ability of brain tissues to adapt to injury introduce population variation of 

 LVO-MCA stroke. Specifically, section 1.5, articulates how MCA mutations and the presence of collateral 

 vessels alter outcomes. In Section 1.6, we introduce how the duration and magnitude of ischemia, termed 

 perfusion thresholds, alter outcomes, and can be modified by changing characteristics of the 

 microvasculature and pathophysiological responses to ischemia. Then, in section 1.7 we identify how other 

 factors such as comorbidities and the ability of the brain to recover from injury can alter the amount of brain 

 damage experienced. 
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 1.5.1  MCA Cerebrovascular territory is the location of most Ischemic Strokes 

 The middle cerebral artery is anatomically the largest of the cerebral arteries, with an estimated 

 20-30% of blood volume from the arteries of the neck flowing into each middle cerebral artery  (Zarrinkoob 

 et al., 2015  ). Indeed, post-mortem study and in-vivo  perfusion maps of cerebral arterial territories suggest 

 that a single middle cerebral artery supplies blood to ~ 23 ± 8%  of the total brain volume  (min  = 10%,  max 

 = 40%; CoV = 30%; van der Zwan  & Hillen  , 1991;  van  der Zwan et al., 1993  ;  van Laar et al., 2006  , see 

 Figure 4). A notable example is work by Van der Zwan during his neurosurgical dissertation, who through 

 observational study of human populations proposed that the middle cerebral may encompass as little as 15% 

 of a hemisphere, but as much as 75%. 

 Being considered the largest single contributor to cerebral blood flow, the MCA territory is the site 

 where most cerebrovascular accidents occur in humans, being the location of stroke in approximately 

 40-50% of cases  (Ng et al., 2007)  . This makes intuitive  sense, as the MCA is the largest of vessels 

 originating from the carotids, and sequesters the majority of blood. Thus, descriptions of LVO most 

 frequently relate to occlusions of the MCA territory. 

 Stating that a person is experiencing an ‘MCA-LVO’ is not necessarily a direct prediction for the 

 volume of tissue undergoing stroke  (Nicholls et al.,  2021; Rennert et al., 2019)  . Though the territory  of the 

 MCA is approximately a quarter of the total brain volume  and is the most common location of stroke,  there 

 exists substantial heterogeneity of outcomes in patients.  Results from clinical studies suggest MCA-LVO 

 stroke volumes average 11  ± 16  % of the total brain  (e.g.,  CORDIS  , 2022;  Hakimelahi et al., 2014;  Ospel  et 

 al., 2020  ;  Pereira et al., 1999;  Shankar et al.,  2016  )  . This volume is substantially smaller than the  overall 

 territory of the MCA, and suggests a larger coefficient of variation at 145%. Why is it that such substantial 

 heterogeneity exists for patient outcomes even when the locus of occlusion appears to be the same? 
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 FIGURE 3.  Cerebral vessels, and Intracranial Anastomosis; Angiogram and Illustration 

 Visualizing ICA, facial vessels, circle of willis; and common intracranial anastomosisCarotid angiograms 

 (top) Illustration(bottom),.  A) ACA-MCA; B) PCA-MCA;  C) MCA-MCA; D) extracranial-Intracranial  . 

 Based on work by  Liebeskind, 2003  , and public domain  CT-P images.  Figure by Harrison, 2022 
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 FIGURE 4.  Hypothetical distribution of MCA perfusion territories 

 Hypothetical minimum, average, and maximum territory of the MCA, being an average of 25% of total 

 brain volume, but varying in the population with a normal distribution of one standard deviation from the 

 mean bein ±7%. Based on:  van der Zwan & Hillen 1991  .  Figure by Harrison, 2022 
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 1.5.2  MCA Variants likely affect Location and Outcome in Stroke 

 Although the MCA has been subject to extensive anatomical studies  (e.g., Crompton 1962  ;  Teal et al., 

 1973  ), only recently have variants of the MCA perfusion  territory been investigated in stroke pathology 

 (Brzegowy et al., 2018; Miller et al., 2021; Polish Thrombectomy Initiative, 2017)  . Though simple 

 anatomical descriptions like ‘the MCA’ are useful for a basic understanding of cerebrovascular anatomy, 

 biology is often not so simple (  Kahilogullari et al.,  2012  ). The middle cerebral artery has the most complex 

 branching pattern of any of the major intracranial arteries, but can be generally classified into four parts, 

 also termed branches or ramus. Example variants of the MCA are shown in Figure 5. The sphenoidal 

 segment, known as M1, is the MCA ‘stem’. The MCA-M1 segment almost immediately perforates the brain 

 with numerous arteries termed ‘lenticulostriate vessels’, which irrigate the internal capsule and basal 

 ganglia. Moving distally along the MCA is the M2 insular segment, with further divisions referred to as M3, 

 and M4 being the most fine terminal segments which supply the cortex. In most patients, the MCA 

 bifurcates (50%) or trificates (25%) within the insula, as the artery extends towards the cortex; though early 

 branches are not uncommon  (Gunnal et al., 2019; Teal  et al., 1973; Kahilogullari et al., 2012)  . 

 However, the cerebral vessels are well known to have variations among healthy individuals. Several 

 anomalies of the middle cerebral artery have been documented, such as accessory MCA (i.e., recurrent 

 artery of Heubner), duplicated MCA, and fenestration of the MCA. Estimates from human cadavers suggest 

 that the presence of accessory MCA is 0.3 – 2.7%, and that of a completely duplicated MCA in 0.7–2.9% 

 (e.g.,  Hori et al., 2005)  . Additionally, A complete  Circle of Willis is estimated to be present in only 24-49% 

 of individuals, with anterior circulation and foetal PCA anomalies seen frequently  (Zarrinkoob et al.,  2015)  . 

 These variations result in differences to the extent the MCA supplies blood to the brain. Because blood 

 circulation patterns from cerebral vessels are not completely consistent in the population the regions of the 

 brain vulnerable to stroke are not completely consistent. 
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 FIGURE 5.  Hypothetical and/or Example  Anatomical  Variants of  the MCA 

 Hypothetical underlying anatomical variations, which would influence the territory of the MCA, and 

 results of an arterial occlusion. Note this does not illustrate the many variations of small penetrating 

 arterioles, such as the lenticulostriate arteries, the artery of heubner, or the choroidal artery. From this, it 

 becomes apparent how identifying ‘M2’ is difficult. In general, vessels may receive collateral flow from the 

 ACA or other perforating arteries, which allow for blood to be re-routed due to a proximal occlusion. Based 

 on  Grand et al., 2015, p112-125  ;  van der Zwan & Hillen  1991  .  Figure by Harrison, 2022 
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 1.5.3  MCA collateral vessels likely affect Location & Outcome in Stroke 

 A second key factor relating to large variation in clinical outcome after MCA-LVO depends on the 

 recruitment of collateral vessels, referred to as ‘anastomoses’. In the MCA, several clinically and 

 experimentally important anastomoses exist between the vascular branches, starting at the ECA and the 

 intracranial branches of the ICA, and throughout the circle of willis and the middle cerebral artery. These 

 include extracranial collateral circulation  (e.g.,  see Liebeskind, 2003  ) and variation of the intracranial 

 collateral circulation (e.g., see  Phan et al., 2014)  .  As shown in Figure 3, there exist numerous intracranial 

 and extracranial points of collateral circulation between cerebrovascular territories. 

 Regarding extracranial collateral circulation, studies suggest that the circulation from the extracranial 

 circulation can interact with the meningeal and pial collaterals of the surface of the brain to provide overlap 

 of ischemic territories, with work from  Liebeskind  (2003) describing this effect. Regarding intracranial 

 collateral circulation, variations exist in the number and origins of vessels. For example, variation of the 

 lenticulostriate arteries can greatly alter what is considered the MCA territory. Though often associated with 

 M1-MCA, the lenticulostriate generally describes vascular branches originating along the MCA and ACA. 

 It is estimated that fewer than 50% of persons have leticulostriates dependent on the MCA (van der Zwan  & 

 Hillen  , 1991). Thus, if the Lenticulostriate arteries  are not part of the MCA, then regions of the internal 

 capsule and basal ganglia would be less likely to become damaged in an MCA-LVO stroke. Too, the 

 leticulostriates can act as a secondary route for blood flow between vascular territories, thus connecting the 

 flow of the MCA to that of the ACA in the case of an obstruction. Identifying such variations in the MCA 

 anatomy is relevant to understanding variations in what regions may, or may not, experience ischemic injury 

 depending on vasculature configuration. A summary of known intracranial collateral circulation is presented 

 in table 4. 
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 TABLE 4.  Inter-territorial Anastamoses of the MCA and leptomeningeal circulation; 

 Frontal Lobe 

 Orbito-frontal (lateral 
 frontobasal) artery 

 Anterior and inferior frontal arteries 
 (branches of the anterior cerebral artery) 

 Precentral (pre-rolandic) artery  Posterior inferior frontal artery 
 (a branch of the anterior cerebral artery) 

 Central (rolandic) artery  Paracentral artery 
 (a branch of the anterior cerebral artery) 

 Prefrontal arteries  No anastamoses observed 

 Parietal Lobe 

 Anterior parietal artery  Precuneal artery 
 (a branch of the anterior cerebral artery) 

 Angular artery  Parieto-occipital artery 
 (a branch of the posterior cerebral artery) 

 Posterior parietal artery  No anastamoses observed 

 Temporo-occipital  No anastamoses observed 

 Temporal Lobe 

 Anterior temporal artery  Anterior temporal artery 
 (a branch of the posterior cerebral artery) 

 Posterior temporal artery  No anastamoses observed 

 Middle temporal artery  No anastamoses observed 

 Temporopolar artery  No anastamoses observed 

 Results of a computational model for the cerebral circulation to evaluate what anastomosis can 

 sufficiently provide CBF in MCA occlusion (see  Phan  et al., 2014  ,  Liebeskind 2003  ) 
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 1.5.4  Variation of MCA territories likely causes variation of behavioural deficits post-stroke 

 As discussed in section 1.4, it is known that behavioural functions map to cortical regions. Thus, 

 variations of the MCA perfusion territories, and the regions undergoing a loss of blood flow due to 

 obstruction of the MCA territory, would directly affect which cortical regions are affected by stroke and 

 result in variations of the behavioural deficits post-stroke. Therefore, natural variations in the interconnected 

 structure of arteries to provide alternative routes of blood flow may provide increased protection, or 

 increased sensitivity, to brain ischemia. Differences in both the mapping of behavioural functions on the 

 brain cortex, and differences in the distribution of the MCA territory likely underlie the various behavioural 

 deficits observed in stroke patients. To illustrate this, example variations of the MCA are shown in Figure 6, 

 which though having the same location of occlusion, would produce differing behavioural deficits. 

 In summary of section 1.5, it is likely that the locus of vascular occlusion, and presence or absence of 

 alternative routes for blood flow, prejudice the final infarct size. Cerebral perfusion territories are known to 

 vary widely among individuals, established by  in vivo  neuroimaging methods, and  ex-vivo  post-mortem 

 study (  Krabbe-Hartkamp et al., 1998  ;  Shatri et al.,  2021  ;  van Laar et al., 2006  )  . Though authors may  claim 

 that the pattern of cerebrovascular distribution is relatively fixed, in actuality cerebral blood flow to brain 

 regions shows extensive intra-patient and inter-patient heterogeneity. Yet, only recently have researchers 

 attempted to calculate the degree of influence collateral vessels and vessel mutations may cause on stroke 

 outcomes  (CORDIS, 2022)  . Understandably, such variation  of perfusion territories and where an occlusion 

 occurs within that territory, can result in vastly differing regions affected by ischemia. Specifically, though it 

 is estimated that the MCA supplies blood to 23 ± 8%  of the total brain, the amount of infarction seen in 

 MCA-LVO patients shows a  distribution of approximately  11  ± 16%. Additional factors, such as the  duration 

 and magnitude of ischemia, termed ‘perfusion thresholds’, also alter outcomes, and are discussed in the 

 following section. 
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 . 

 FIGURE 6.  Effects of anatomical variance of the MCA territory,  and behavioral repercussions 

 Hypothetical Illustration relating to infarct variability, and behavioral repercussions, due to location of 

 occlusion.  Figure by Harrison, 2022 
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 1.6  Pathology and Pathophysiology of Acute Focal Ischemic Stroke 

 1.6.1  Concept of Acute Cerebral Ischemia, and Blood Flow Thresholds 

 That the brain requires 20% of cardiac output is in truth a measure of the high metabolic demands of 

 the brain (  Herculano-Houzel, 2011  ). Due to the brain’s  high metabolic demands, it is vulnerable to risk of 

 cell death in absence of blood; similar to a region of land being vulnerable during a drought. However, how 

 is it that the brain becomes susceptible to stroke, and what biological process protects the brain from stroke? 

 A Dictionary definition of vulnerability is the “capacity to be physically wounded or hurt”  (Boldt, 

 2019)  . In general, vulnerability is defined as the  degree of loss in a given element at risk, and consists of a 

 set of elements that result from a given magnitude  (Downing & Bakker, 2000)  . Vulnerability to tissue  injury, 

 as such, can be expressed on a scale from 0 (no damage) to 1 (total damage). Exposure to an ischemic insult 

 of sufficient magnitude and duration of reduced blood flow thus causes the vulnerability of the tissue to 

 move from zero injury towards complete cell death. It may appear obvious that greater losses of blood flow 

 result in greater, and more rapid, tissue damage. Thus, there exists a spectrum of ischemic stresses which 

 may, or may not, result in cell death. Definitions of ischemic injury as a continuous, rather than all-or-none, 

 variable are not how infarction is commonly spoken of in the clinical literature  (Altman and Royston,  2006)  . 

 A specific physiological definition of neuronal vulnerability is not yet well established. 

 In general, probability of vulnerability due to ischemia has both negative and positive dimensions, which 

 influence probability of tissue death. The following attempts to articulate the main positive and negative 

 factors which result in maintenance or loss of blood homeostasis, and thus dictate cell death in brain tissues. 

 Positive dimensions include biological processes that protect the brain from stroke, while negative processes 

 describe how the brain becomes susceptible to stroke. To enable understanding the relevant physiological 

 processes, the following first describes the nature of cerebral blood flow under normal conditions, and how 

 ischemia differs. 
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 Blood is important because it allows cells access to oxygen and glucose, and removes metabolic by- 

 products. Importantly, glucose metabolism allows glycolytic phosphorylation, and production of adenosine 

 triphosphate (ATP;  Wass & Lanier 1996)  . The production  of ATP is critical to the function of brain tissues. 

 Among other uses, ATP is used for maintaining ion homeostasis across the cell-membranes such as 

 maintenance of neuronal electrochemical gradients; with ATP driving ion homeostasis of Na+ and Ca2+ 

 outside the cells, and K+ inside cells (  Hodgkin &  Huxley 1952  ). Average glucose consumption of the brain 

 is estimated at  5.6 mg/100g/min  (Cunnane et al., 2011;  Owen et al., 1967)  , and average oxygen 

 consumption is estimated at 3. 5 ml/100g/min (  Kwan  et al., 2004; Madsen et al., 1993)  . 

 Thus, under physiological conditions, cerebral tissue requires continuous blood flow of at least 

 50mL/100g/min to sustain an adequate supply of both glucose and oxygen, maintain neurological function 

 through ATP production by glycolysis and oxidative phosphorylation  (Bisdas et al., 2004; Mehta et al., 

 2007)  . This finding is supported by measures of normative  cerebral blood pressure (cBP / MAP) which 

 range between 50-150 mmHg, and cerebral blood flow (CBF) level >50 ml/100g/min  (Astrup et al., 1981; 

 Baron, 2001)  . However, how can this supply of blood  be maintained normally? 

 Despite alterations in systemic blood pressure - from standing, to running, or sleeping - the brain 

 requires a constant flow of glucose, oxygen, and thus blood for neuronal functions to be kept relatively 

 stable. This ability to maintain normal physiological cerebral blood flow and cerebral perfusion pressure to 

 the brain is termed 'cerebral autoregulation’. This process of vascular autoregulation, also known as 

 perfusion homeostasis, is a beneficial physiological process that protects the brain from ischemia. Several 

 physiological processes support consistent brain perfusion. For example, the characteristic tortuous shape of 

 the carotid siphon is proposed to dampen blood-flow pulsatility, and thus provide greater consistency of 

 blood velocity  (Schubert et al., 2011)  . Too, the carotid  arch has chemo- and baro-receptors which supply 

 afferent signals to the vagus to quickly modulate cardiac output  (Timmers et al., 2003)  . CBF regulation  is a 

 relationship between cerebral perfusion pressure, intracranial pressure, and cerebral autoregulation  (Dewey 
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 et al., 1974)  . Overall, the difference in cerebral perfusion pressure (CPP) and intracranial pressure (ICP) 

 significantly correlates with cerebral autoregulation  (Harper, 1966; Mount & Das, 2022)  . As discussed in 

 section 1.5, these properties of the systemic and collateral circulation influence circulation, such as overlap 

 between perfusion territories of cerebral arteries (e.g.,  Sims and Muyderman, 2010  ;  Gottesman et al.,  2006  )  . 

 Such variation in the anatomical size, number, and distribution of the vasculature makes calculating the 

 extent of perfusion territory in a given person challenging. 

 Perfusion homeostasis in the brain can also result from alterations of the vessels and metabolism of 

 the brain  (e.g., see Santamaría et al., 2020)  . In  response to a vascular obstruction and metabolic strain from 

 ischemia, local vasodilation occurs to redirect blood via collaterals to compensate for deficits in oxygen and 

 glucose availability. Vasodilation is a critical modulator of response to ischemic stress, and is reflected by 

 alterations in Oxygen Extraction Fraction (OEF) oxygen consumption (CMRO2) of brain tissues. In 

 summary, adaptation perfusion occurs at a body wide level and at the level of cells; both of which reduce 

 vulnerability of cells to ischemic stroke by increasing blood flow or improving the extraction of metabolic 

 resources from blood. However, in an ischaemic stroke, this delicate physiologic balance of cerebral blood 

 flow is severely perturbed. Depending on the extent or duration of ischemia the metabolic and electrical 

 functioning of neurons is impaired, and thus a cells' ability to survive. 

 Ischemia describes the state where lack of blood flow causes pathological reductions in both oxygen 

 and glucose necessary to support cellular metabolism. As mentioned, it was found that electrically impaired 

 or silent tissues produced behavioural deficits relating to the function of that region of brain tissue, but did 

 not necessarily indicate that the region is permanently damaged (i.e., Mountcastle). In the 1980s, Astrup, 

 Szymon, and co-authors (  Astrup et al., 1981  ;  Astrup  et al., 1977)  demonstrated that ischaemic injury,  and 

 declines in CBF in an affected region, are not homogenous, and thus causing a spectrum of degradation in 

 multiple normal cellular functions  (del Zoppo et al.,  2011)  . 
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 While most systems of the body show some degree of oxygen and glucose storage – such as muscles 

 being able to chelate oxygen through myoglobin or the liver being able to store glucose through glycogen – 

 the brain is particularly sensitive to over- and underperfusion  (Saez et al., 2014)  . The cause for this 

 sensitivity to blood flow is primarily due to unique functional and metabolic requirements of brain tissue. 

 Specifically, neurons, the primary electrochemical signalers of the brain, are dependent on glucose as their 

 sole energy substrate. Because neurons lack additional energy stores, relying on only readily available 

 glucose for metabolism, they are thus particularly sensitive to ischemia, and in contrast to other organs, 

 normal metabolic function of the brain degrades within minutes of metabolic stress. 

 This concept of ischemic thresholds was postulated from animal experiments and was followed by 

 clinical examination of ischemic injury after the advent of X-ray computed tomography  (Gudeman et al., 

 1980)  . Such ‘perfusion thresholds’ have become a key  part of current understanding and approaches to acute 

 ischemic stroke assessment and treatment. CBF thresholds have received many categorizations, such as i) 

 infarct (core), where irreversible necrosis happens; ii) oligemia - region where cells will survive even 

 without reperfusion; iii) ischemic penumbra that may survive only with prompt reperfusion (  e.g.,  Heiss  et 

 al., 2001  ; with a summary shown in  Figure 7)  . Two  zones of ischemic injury are discussed; (1) ischemic 

 core, typically with cerebral perfusion less than 10 mL/100g/min (<20% of normal), and (2) ischemic 

 penumbra zone where perfusion is between 20%-80% of normal  (  Baron, 2001  ;  del Zoppo et al., 2011  )  . 

 Central parts of an affected vascular supply, the ischemic core, suffer the lowest blood flow. These 

 regions experience the greatest ischaemic damage due to hypoxic metabolic stress, while more peripheral 

 parts experience better perfusion and diffusion of metabolic precursors. A commonly accepted view in 

 ischemic research is that, if cerebral blood flow is reduced to less than 10mL/100g/min, an ischemic core 

 region will develop (  Astrup et al., 1981  ;  Bisdas et  al., 2004; Mehta et al., 2007  ). This ischemic core  region 

 undergoes rapid, irreversible, necrotic cell death, resulting in an infarcted region of cerebral tissue that is 

 metabolically, electrically, and thus functionally inactive (  Mehta et al., 2007  ; see section 1. 6. 2  ). These 
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 tissues are severely affected, with the time window for neuronal viability extremely limited, with estimates 

 from in-vitro experiments suggesting cellular death in the ischemic core occurs within minutes. 

 However, the ischemic core is often surrounded by areas with reduced perfusion, between 10 and 

 50mL/100g/min, (  Astrup et al., 1981  ;  Hossmann 1994)  .  These regions peripheral to the ischemic core are 

 termed ‘the penumbra’, and the ischemic penumbra may form between the ischemic core and normal 

 healthy tissue. The penumbra region becomes dysfunctional due to perfusion deficits, resulting in 

 disturbances of brain metabolism, depressed neuronal functioning, and thus silencing of electronic activity. 

 Though electrically silent or malfunctional, the region of tissue in the penumbra is still viable (see Figure 7). 

 Indeed, results from experimental and clinical studies show an ischemic region with dysfunctional, but still 

 viable, neurons is relatively large in the acute phase after a stroke (  Woodruff et al., 2011)  . Induction  of 

 cellular death at CBF levels between 10 and 20 ml/100g/min takes approximately 15min to occur, while a 

 60% reduction of CBF - estimated as less than 30 ml/100g/min - may require several hours (see Figure 8). If 

 normal levels of perfusion are not restored in sufficient time, stressed cells within the penumbra region will 

 die and thus effectively merge with the ischemic core to increase the total infarct size (see Fig. 8;  Donnan  et 

 al., 2007  Ch.3). Thus, though cells experience disruption  of neuronal electrical activity during reduced 

 blood flow, permanent damage to cells does not occur immediately. Indeed, if there is some availability of 

 glucose and oxygen in the ischemic penumbra from collateral blood vessels, this will usually lead to a 

 slower energy-dependent mode of cell death, known as apoptosis, rather than necrosis (  Broughton et al., 

 2009  ). Functional changes are seen shortly after the  onset of ischaemia, but the final injury depends on the 

 degree and duration of cerebral blood flow reduction (i.e., injury ~ duration x volume; Baron and Moustafa 

 in  Donnan et al., 2007, Ch3  ). This can be conceptually  similar to the case for formation of pressure ulcers, 

 where the extrinsic duration and magnitude of stress shows an inverse relationship between magnitude and 

 duration as it influences outcome (  Gefen 2009  ;  Reswick  & Rogers, 1976;  Kosiak, 1959)  . As such, the 

 penumbra is a theoretically salvageable area of ischaemic tissue. 
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 FIGURE 7.  Perfusion Thresholds and related Pathological Consequences 

 Hypothetical illustration relating to alterations of blood flow which induce ischemic infarction, and 

 specific physiological effects. Based on work by  del  Zoppo et al., 2011  and  Foreman & Claassen, 2012  . 

 Figure by Harrison, 2022 
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 FIGURE 8.  Perfusion thresholds of Ischemic Lesion Growth Over Time 

 Hypothetical illustration relating to alterations of blood flow which induce ischemic infarction, and how 

 the ischemic lesion grows over time. Specifically, the general consensus is that absolute rate of cell death is 

 dependent on the magnitude of perfusion deficit, and duration of deficit over time. See  del Zoppo et al., 

 2011  , Astrup et al., 1981.  Figure by Harrison, 2022 
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 It is well accepted that salvage of the ischemic penumbra is associated with improved neurological 

 outcome and recovery, and thus improving survival of penumbra regions is currently considered the target 

 for acute stroke therapy. However, defining what heterogeneous, meta-stable regions of cerebral tissue are 

 metabolically active, electrically and functionally impaired, and will or will-not perish in a given patient is 

 uncertain (  Astrup et al., 1981  ;  del Zoppo et al.,  2011  ;  Moskowitz et al., 2010  ;  Sims & Muyderman, 2010  ). 

 For example, in addition to ‘CBF thresholds’ of ischemia, other factors influence cell survival, such 

 as differing vulnerability to ischemia, and differing immune responses post-injury. For example, it is well 

 understood that larger pyramidal neurons such as those in layer 5 of the motor cortex, often perish prior to 

 other neuronal cell types (e.g.,  Rahaman & Del Bigio,  2018)  . Similarly, CA1 pyramidal neurons in the 

 hippocampus are more susceptible to ischemic damage than dentate granule neurons (e.g.,  Sheleg et al., 

 2008  ). Too, normative CBF fluctuates depending on  the bodily organ. For example, blood flow is reportedly 

 higher in grey matter (80 ml/100g/min) and lower in white matter (20 ml/100g/min) of the brain  (Powers  et 

 al., 1985; James et al., 1969;  Gröhn et al., 2000)  . 

 In summary, the common denominator in all cases of acute ischaemic stroke is a vascular lesion 

 caused by a seized or diminished blood flow to downstream tissue. The mechanism of injury resulting from 

 vascular occlusion is dependent on multiple dynamic factors. Loss of blood flow, and the death of cells, is 

 not a fixed constant but depends on the time and magnitude of vessel occlusion and reduced downstream 

 perfusion, and adaptation to the region in response to stress. This concept of adaptation to ischemic stress 

 via vascular autoregulation (e.g.,  Wareham & Calkins,  2020; Nogueira et al., 2021)  is similar to a model  of 

 adaptation to climatic stress proposed by Downing and Bakker (  2000)  . Exact variables and their parameters 

 which relate to the so-called ‘thresholds for infarction’, and the variety of positive or negative responses to 

 ischemia, are not well defined. To discuss these concepts further, the following sections review in-depth the 

 processes of the ischemic cascade, from minutes, to hours, and days following injury. 
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 1.6.2  Mechanisms of HyperAcute Cell Death and Damage in Stroke 

 The ischemic cascade is a complex biochemical process of inter-linked molecular and cellular 

 reactions that are initiated in the brain following cerebral ischemia (  Brouns & De Deyn, 2009)  . These 

 effects have the end effect of behavioural disability, but start with changes in the molecular machinery and 

 stability of cells, with a conceptual overview of the various systems presented in Figure 9. The pathological 

 effects of the ischemic cascade are highly dependent on a number of factors such as the severity and 

 duration of the process, which can usually last from hours to days. In addition, the amount of damage 

 inflicted upon cerebral tissue can be dependent on the brain region and cell type affected; with neurons the 

 most sensitive followed by glia, and endothelial cells in ischemic stroke (  Mattson et al., 2000;  Mehta et  al., 

 2007  ). 

 Though exact mechanisms are not understood, the pathological cascades following stroke are likely 

 similar to other brain injuries, with many of the cellular and molecular responses shared (  Silver et  al., 2011)  . 

 In general, bioenergetic failure and ionic imbalance, acidic, oxidative, excitotoxic stresses, induce necrosis 

 or apoptosis of cells (see Figure 10), which thus altered rheology and loss of the BBB (see Figure 11). 

 In summary, loss of metabolic activity disrupts the ability of neurons to maintain capacitance via 

 Na-K-ATP pumps. Prolonged mitochondria malfunctioning due to absence of glycolysis results in the 

 release of toxins. Depending on the severity of the ischemia and the duration of the ischemia, this induces 

 tissues of the brain to undergo necrotic and apoptotic cellular programs. The resultant ‘infarcted’ tissue 

 experiences loss of astrocytic and endothelial integrity, resulting in breakdown of ‘the blood-brain-barrier’ 

 (  Brightman et al., 1970; Olsson et al., 1971)  . Loss  of vascular integrity, and processes of inflammation in 

 response to the tissue damage, promote tissue edema secondary to hypoxic-ischemic pathogenesis and 

 injury. An important limitation to ischemic pathogenesis is that the progression depends on whether or not 

 perfusion is restored, the extent of ischemic deficit, how long the ischemia persists, the health, age, and 

 adaptive capacity of tissues experiencing stress, and how much of the damage is reversible. 
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 FIGURE 9.  Conceptual illustration of responses to stroke, ranging in time and scale 

 Hypothetical illustration relating to biological processes resultant of ischemic infarction. Specifically, The 

 following details changes that occur at molecular, cellular and tissue levels.  Figure by Harrison, 2022 
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 Bioenergetic Failure and Ionic Imbalance 

 The earliest changes in ischemia involve tissues being deprived of glucose and oxygen. Shortly after 

 occlusion or rupture of an artery in the brain, changes occur in the neurons and glia in the affected region 

 due to the hypoxic and hypoglycemic environment. Within two minutes of seized CBF, defined as complete 

 absence of perfusion, intracellular reserves of ATP are depleted in mammalian cortex  (Zipfel et al.,  2000)  , 

 though this is not necessarily seen in reptilian species  (Pamenter et al., 2008)  . The inability of mammalian 

 brain tissues to maintain ATP production, and the associated redistribution of ions across the plasma 

 membrane controlled by the Na+/K+ ATPAse pump, does not immediately produce irreversible damage to 

 neural cells (  Anderson & Sims, 2002)  . However, a prolonged  deficiency of glucose and oxygen is likely the 

 cause for the majority of cell death in the focal ischemic region. 

 Reduction of ATP reduces or eliminates the ionic gradients of neuronal membranes, which quickly 

 dissipate (  Du et al., 2018  ). Loss of the ionic gradient  allows potassium to rapidly leave the cell, and sodium 

 and calcium quickly diffuse into the cell. Failure to uphold the membrane potential via insufficient ATP 

 leads to neuronal depolarization  (Dreier et al., 2013;  Andrew et al., 2022)  . These cellular impairments  are 

 incompatible with long-term cell survival. The increased influx of Na+ ions into neurons and glial cells can 

 cause an osmotic movement of water through aquaporins into the cell, leading to cytotoxic swelling, cell 

 lysis, and end brain oedema in the ischemic core  (Liang  et al., 2007; Obenaus & Badaut, 2022;  Song and 

 Yu, 2014)  . If energy supply is not restored in time,  these changes will result in rapid necrotic cellular lysis in 

 the ischemic core  (Song & Yu, 2014; Khanna et al.,  2014; Sattler & Tymianski, 2000)  . In addition to 

 damage due to deficient glucose and oxygen, the release of specialized proteins - such as cytochrome c - 

 from dysfunctional cellular organelles act as central regulators of apoptosis, and thus facilitates apoptotic 

 cascades  (Sims & Anderson, 2002)  . 
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 FIGURE 10.  Cellular Mechanisms of cell death in stroke; Apoptosis, Necrosis 

 Illustration relating to the hypothesized differences of cell biology during stroke. Sudden cell death is 

 termed Necrosis, in which complete cell failure results in perforation of membrane in uncontrolled cell 

 death. The process of cell death causes the extracellular release of additional small molecule byproducts, 

 including gene products, free nucleotides, and potassium, being very inflammatory. Conversely, in 

 apoptosis, cells also show similar changes, with blebbing of cellular membrane, but in a more delayed and 

 controlled form of cell death. Cells undergo blebbing, cell shrinkage, nuclear fragmentation, chromatin 

 condensation, loss of cytoskeletal integrity, and eventual dissolution of the cell (see  Ndozangue-Touriguine 

 et al., 2008  for review). SEM/TEM Images from the  public domain (1965).  Figure by Harrison, 2022. 
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 Acidic Toxicity 

 The damage inflicted upon ischemic tissue from acid toxicity is known as the 

 lactate-acidosis-hypothesis, which can induce metabolic stress and secondary damage in ischemic stroke 

 (e.g.,  Brouns et al., 2008  ;  Sherwood et al., 2011)  .  During an ischemic stroke, reduced delivery and 

 availability of oxygen within cerebral tissue will initiate anaerobic glycolysis, which will lead to an 

 increased production of lactate within ischemic tissue (Brouns & De Deyn, 2009). The hypoxic environment 

 leads to both a low pH environment, through anaerobic metabolism and lactic acid production, as well as 

 production of free oxygen-radicals which cause organelle and membrane lipid peroxidation (  Kalogeris et al., 

 2012)  . 

 The increased influx of Na+ and Ca2+ ions can induce glutamate excitotoxicity, enhance 

 pro-oxidant production and antioxidant inactivation leading to neuronal and glial cell death by necrosis or 

 apoptosis depending on the severity of acidosis (see  Choi, 2020  for eloquent review). 

 Oxidative Stress 

 During an ischemic episode, the vascular endothelium releases nitric oxide (NO). This process can be 

 beneficial, as NO can improve blood flow by acting as a vasodilator and thus limit damage by dilating 

 collateral blood vessels to increase local blood flow  (Duncan & Heales, 2005)  . Glia may also contribute  to 

 an inflammatory response following a stroke, also producing NO under conditions of hypoxia  (Lipton 

 1999)  . However as ischemia progresses NO may begin  to have negative effects on the neural tissue and lead 

 to cell death. In low concentrations of oxygen, NO alters mitochondrial metabolism, while in higher 

 concentrations, NO induces peroxidation of lipids and proteins and can form reactive oxygenated species 

 (ROS) such as hydroxyl radicals; though exact concentrations still remaining to be defined (see  Mittal et al., 

 2014  ; Sims and Anderson, 2002;  Dröge, 2002  ). The brain  is particularly sensitive to oxidative stress due to 

 the high concentration of polyunsaturated fatty acids vulnerable to peroxidation by free radicals. In addition 
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 to a high concentration of these fatty acids, the brain has a significantly low concentration of antioxidant 

 enzymes compared to the rest of the body  (Cherubini  et al., 2005)  . In general, severe oxidative stress  can 

 cause cell death through necrosis, while moderate oxidative stress can elicit apoptosis that is observed 

 primarily in the ischemic penumbra, similar to acidic stresses  (Sekerdag et al., 2018)  . Worse yet, restoration 

 of blood follow can contribute significantly to the propagation of the ischemic cascade, known as 

 reperfusion injury (  Brouns & De Deyn, 2009  ;  Khatri  et al., 2012  ;  Mandalaneni et al., 2022)  . With 

 reperfusion, there exists the potential for the rapid build up of reactive oxygen species (ROS) that can lead 

 to oxidative stress in the cell’s cytosol and mitochondria  (Cherubini et al., 2005)  . 

 Excitotoxicity 

 In addition, ionic imbalance across the plasma membrane induces anoxic depolarization in neurons 

 and glial cells (  (Dreier et al., 2013; Andrew et al.,  2022  ;  Astrup et al., 1977; Branston et al., 1974)  .  As most 

 synaptic vesicles containing neurotransmitters are in a primed state, loss of membrane polarization induces 

 release of the neurotransmitters into the synaptic cleft, such as glutamate; the major excitatory 

 neurotransmitter in the mammalian brain  (Arundine  & Tymianski, 2003  ;  Heuser et al., 1979  ;  Südhof & 

 Rizo, 2011)  However, energy failure impairs the reuptake  of glutamate by glutamate transporters (e.g., 

 excitatory amino acid transporters) on presynaptic neurons and surrounding astrocytes  (Camacho & 

 Massieu, 2006; Rossi et al., 2000)  . The result is  an accumulation of glutamate, which over stimulates 

 glutamate receptors (AMPA & NMDA receptors) on neighboring neurons, further driving depolarization 

 and influx of Na+ and Ca2+ ions (e.g.,  Arundine &  Tymianski, 2003  ). 

 Concurrently, increased Ca2+ ion influx induces nuclear and cytoplasmic events - such as activation 

 of catabolic enzymes, - ultimately facilitates necrotic or apoptotic cell death depending on the degree of 

 damage, and leads to lethal or non-lethal metabolic derangements (e.g.,  Schwab et al., 2002  ). For example, 

 abnormal concentration of intracellular Ca2+ causes mitochondrial dysfunction, activation of proteolytic 
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 enzymes to facilitate cell death, degradation of the cytoskeleton, and other detrimental effects. Thus, 

 increased availability of glutamate has toxic effects on neurons by cytotoxic effects. 

 Altered rheology and loss of the BBB 

 Neurons are not the only cell type affected by ischaemia, but too is the microvasculature. One of 

 unique features of brain vasculature is the so-called blood-brain-barrier (BBB), in which specialized glia - 

 known as pericytes - encase vasculature, and promote maintenance of neuronal homeostasis via regulation 

 of the brain parenchyma composition and extracellular environment  (Jessen et al., 2015; Davson, 1976; 

 Davson & Segal, 1970)  . Endothelial cells with tight  junctions and the ensemble of astrocytes, pericytes, and 

 microglia form a relatively stable vascular barrier that is continuously modified by different external and 

 internal factors. The normal BBB restricts migration of blood cells, ionic species, and other compounds into 

 the brain while facilitates active transport of specific ions and nutrients across it. 

 Ischemia induces loss of this specialized endothelial barrier. Over the first few hours of ischemia, 

 degradation of cells due to ischemic stress and altered osmotic balance from the ischemic environment 

 result in a loss of vascular integrity. Damage can be magnified by the delayed presence of cellular 

 breakdown products, summarized as damage associated molecular patterns (DAMPs;  (Matzinger 1994; 

 Brightbill et al., 1999; Seong & Matzinger, 2004)  ,  which facilitate delayed inflammatory responses 

 (Cherubini et al., 2005)  . 

 Damage to the endothelium leads to the exposure of tissue factors. Similarly, static blood within the 

 vessels facilitates activation of clotting cascades (  Smith et al., 2015; Bächli, 2000; Vogler & Siedlecki, 

 2009)  . Specifically, platelet aggregation within the  microvasculature is well documented following stroke 

 onset (  del Zoppo, 2010; 1991)  . Platelet aggregation  may also be exacerbated by alteration in the levels of 

 local nitrous oxide (NO) production. Induction of plasma coagulation factors leads to the deposition of 

 fibrin in the vascular lumen, entangling leukocytes and platelets and causing secondary vascular 

 obstructions. 
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 Concurrently, leukocyte adhesion molecules are expressed on the endothelial surface, which promote 

 the interaction of white blood cells with the endothelium. Immune extravasation, also commonly known as 

 immune-cell adhesion or diapedesis, allows immune cells to migrate towards the afflicted tissue (  Anderson 

 & Anderson, 1976; Muller, 2013  ;  Ley et al., 2007)  .  This inflow of inflammatory cells into brain tissue 

 facilitates inflammatory responses of ischaemic brain tissue, and further increases the permeability and 

 disruption of the BBB by release of enzymes which degrade the microvascular basal lamina (  Sweeney et  al., 

 2019  ;  Marchetti & Engelhardt, 2020  ;  Sims, 1986  ;  Chodobski  et al., 2011)  . The combined effect of oxidative 

 stress and inflammatory mediators down-regulate endothelial integrity while upregulating leukocyte and 

 vascular proteases, further increasing blood brain barrier permeability. The resultant ‘infarcted’ tissue 

 experiences loss of astrocytic and endothelial integrity, resulting in breakdown of ‘the blood-brain-barrier’. 

 Loss of the blood-brain-barrier in turn facilitates release of cerebral products into the systemic circulation. 

 Importantly, it is this process of cell death and release of cerebral-specific molecules that allows for 

 observation of unique proteins in the blood or CSF, providing possible biomarkers useful in stroke 

 diagnosis. Indeed, brain-derived proteins have been measured in both cerebrospinal fluid and the 

 bloodstream following both ischemic and hemorrhagic stroke (discussed in section 1.8.3). 

 However, for yet not fully understood reasons, these biochemical processes can be prevented. For 

 example, perfusion deficits in brain tissues supplied by the MCA present behaviorally (see section 1.4, 1.6), 

 but these deficits can be recovered if cellular processes of tissue death are halted, usually by allowing blood 

 to be restored in sufficient time. The adage “time is brain”, coined in the 2000’s, is often considered the best 

 evidence- based approach in stroke (  Saver, 2006)  .  Of particular importance is the timeframe within 6-8 

 hours of stroke onset, referred to as the ‘acute time window’  (Del Zoppo et al., 2009)  . In absence of 

 complete understanding for how to prevent the ischemic cascade, clinicians must diagnose and treat patients 

 before irreversible neuronal death occurs. 
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 FIGURE 11.  Descriptive illustration regarding various pathological consequences of stroke over time 

 Hypothetical illustration relating to general classes of biological processes following ischemic infarction, 

 and general terms used over time. The absolute maximum, and time of maximum, for each pathology 

 sub-process of the ischemic cascade is likely linked with other processes, and could theoretically shift across 

 patient populations. Based on  (Brouns & De Deyn 2009)  .  Figure by Harrison, 2022 
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 1.6.3 Mechanisms of Acute Post-Ischemic Insult Response 

 Following hours of post-ischemic injury of the brain, several pathological processes begin, which are 

 likely similar regardless of injury mechanism. These cellular and molecular responses, secondary to the 

 initial ischemic injury, cause their own tissue response (  Silver et al., 2011  ). Below is a description of  the key 

 factors of pathological processes seen following infarction, and similar brain injuries. Overall, the following 

 necrosis is apoptosis. This process of programmed cell death in cells surrounding necrotic tissues occurs 

 though initial injury severity in these areas is not sufficient to induce necrosis. 

 Dysfunction of microvasculature is a common feature in stroke and other brain injuries, and can occur 

 immediately as a direct consequence of endothelial damage within hours to several days (  Schoknecht & 

 Shalev, 2012)  . The blood–brain barrier (BBB) becomes  permeable while brain edema progress, this 

 facilitates immune cells and serum components entering the brain, thus promoting inflammation as well as 

 ion imbalance that increases excitability and can lead to epileptogenesis (  Schoknecht et al., 2015; 

 Schoknecht & Shalev, 2012)  . Assessment of BBB permeability  is limited in hospitalized patients since it 

 requires invasive techniques. Mainly it is monitored by the albumin quotient in samples collected 

 simultaneously from the cerebrospinal fluid and serum (  Reiber & Peter, 2001)  . 

 Inflammation plays a significant role in the overall pathogenesis of ischemic stroke. Following an 

 ischemic insult, during reperfusion, proinflammatory genes are expressed and inflammatory agents are 

 released (Lipton, 1999). Inflammation in stroke is mediated by multiple factors, from molecular components 

 including cytokines, chemokines, and growth factors to cellular components including leukocytes and 

 microglia These cellular and molecular components have pro and anti-inflammatory effects that can benefit 

 or harm neural tissue following an ischemic stroke. 

 Thus, the inflammatory response is a double-edged sword, initially contributing to ischemic brain 

 injury and then to tissue regeneration  (Patel et al.,  2013  ;  Chamorro & Hallenbeck, 2006)  . It is characterized 

 by the production and release of pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), 
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 interleukin-1β (IL-1β), IL-6 and IL-18 from activated cells in the brain parenchyma including neurons, 

 astrocytes, microglia and endothelial cells by initiating various pro-death signaling pathways, resulting in 

 neuronal and glial cell death during cerebral ischemia (  Lambertsen et al., 2012)  . Pro-inflammatory 

 cytokines can also induce the expression of adhesion molecules, such as intercellular adhesion molecule-1 

 (ICAM-1), vascular adhesion molecules (VCAMs), selectins (e.g., E-selectin, P-selectin) and integrins (e.g., 

 Mac-1, LFA-1) on endothelial cells, leukocytes and platelets (  Fann et al., 2013)  . These adhesion molecules 

 are crucial for the infiltration of leukocytes (e.g., neutrophils and monocytes/macrophages) whereby both E 

 and P-selectins mediate. 

 These immunological responses occur in the days to weeks post-ischemia, and can precipitate several 

 pathological responses. As time progresses after stroke onset, the amount of brain damage increases to reach 

 a maximum at about day 2–4 poststroke (Lansberg et al., 2001; Schwamm et al., 1998), after which some 

 patients show improvement, some plateau, and some decline further (Brott et al., 1989; Schwamm et al., 

 1998); thought to be related to reperfusion injury and recanalization status (Brott et al., 1989; Lansberg et 

 al., 2001; Schwamm et al., 1998), and processes of inflammation. 

 These secondary processes of tissue injury are crucial. Indeed, immunological responses can increase 

 the severity of injury, and may differ from baseline from months to years post-stroke. While the majority of 

 acute inflammatory markers gradually decline following the onset of a stroke, some factors remain at an 

 elevated concentration for up to three months, but return to normal levels in approximately 12 months 

 following an ischemic stroke, but with questionable predictive value  (Lai et al., 2019; Maas & Furie,  2009)  . 
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 1.6.4 Mechanisms of Subacute-to-chronic Post-Ischemic Insult Response 

 Critical to patient survival is post-infarct swelling, known as edema, usually greatest day 2–5 

 poststroke. Cerebral edema describes brain swelling following strokes and TBI. There are four major types 

 of brain edema: i) cytotoxic - related to intracellular sustained water accumulation due to cellular injury; ii) 

 vasogenic - extracellular water accumulation resulting from BBB breakdown; iii) osmotic- caused by 

 imbalances between the blood and tissues; iv) and hydrocephalic edema/interstitial - related to an 

 obstruction of cerebrospinal fluid outflow (  Unterberg  et al., 2004)  . Cytotoxic edema is cell swelling induced 

 by increased permeability to ions, failure of the ion-pumps, and or sustained uptake of hyperosmotic solutes. 

 Vasogenic edema is characterized by plasma protein enrichment resulting from increased permeability of the 

 capillary induced by primary mechanical impact or ischemic stroke. Ischemic stroke and TBI induce both 

 cytotoxic and vasogenic edema, both of which may not necessarily be visible on contrast enhanced CT and 

 MRI studies within the first 24 hours after injury (  Bullock et al., 1990  ;  Maeda et al., 2003)  . 

 During the initial 2–5 days following TBI or ischemic stroke, brain edema can progress from the core 

 and spread to healthy tissue.  If  left untreated, uncal herniation ensues. The resultant brainstem compression 

 from this ‘malignant-edema’ presents with decorticate and eventually decerebrate posturing on neurological 

 examination; closely followed by loss of cerebral perfusion and mortality. An example illustration and 

 description of MCA-LVO with, and without, malignant edema is shown in Figure 12.  Decompressive 

 craniectomy can relieve pathological ICP, and thus reduce mortality, if within 24 hours of occlusion (  Jeon et 

 al., 2014  ;  Hofmeijer et al., 2009; Jüttler et al.,  2007; Vahedi et al., 2007)  . Clinically, ICP readings  > 20 

 mmHg warrants treatment intervention, as persistently ICP elevation following infarction results in rapid 

 neurological deterioration (  Jeon et al., 2014  ). Increased  pressure results in decreased cerebral perfusion and 

 brain oxygenation, thus leading to brain herniation, additional strokes, or patient death. Indeed, death is 

 common in the 78% of patients that experience herniation and consequent brainstem compression due to 

 ICP (  Jeon et al., 2014  ). 
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 FIGURE 12.  Illustration of MCA-LVO malignant Edema, anatomical causes and behavioural presentation 

 Illustration of behavioural pathology following ischemic infarction. Specifically, how increased ICP can 

 lead to brainstem compression. and general terms used over time. Severe ICP leads to midline shift (mass 

 effect), uncal herniation, and brain stem compression. Brainstem compression is of particular concern, as 

 increasing severity of compression present as emesis, nystagmus, anisocoria, oculomotor palsy, loss of 

 postural tone, reduced consciousness, incontinence, and opisthotonus.Papilloedema (not shown) can also 

 occur as pressure transfers to the orbit and retina.  Figure by Harrison, 2022 
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 1.6.5 Mechanisms of Chronic to Late-Chronic Post-Ischemic Seleque 

 The central nervous system (CNS), when compared to the peripheral nervous system (PNS) has a 

 very limited ability to generate new neurons, or repair damaged and dying neurons. Thus, discussion of 

 neural regeneration is an important factor when discussing stroke outcomes and rehabilitation. Following 

 one week post-ischemia deficits decrease in both macaque monkeys and humans as acute inflammation 

 subsides. However, functional impairments are essentially complete and stabilized at 30 days postinfarction, 

 as the tissues lost due to injury are consolidated. However, improvements can be observed past 90 days 

 post-injury. It is during this time that loss of the respective cortical region, global effects from lesion 

 expansion, and capacity for neoplastic recovery are best evaluated. Too, it is during this time that differences 

 in patients capacity for synaptic reorganization can influence outcomes, both positively and negatively. 

 Thus, the following discusses processes of cortical rewiring in both healthy, and abnormal conditions. 

 Neuroplasticity is defined as a change in synaptic connections and neural pathways which alter areas 

 of cortical representation (  Johansson, 2000)  . Neuroplasticity  results from experiences, learning, changes in 

 behavior, or as a compensatory mechanism following injury. Thus, neuroplasticity occurs in both healthy 

 and abnormal conditions. This cortical plasticity has been well established from animal research, with 

 animals housed in enriched environments with toys and various activities developing more dendritic 

 branching and form synapses, creating a more complex neural network than animals that are housed in 

 standard cages (  Greenough & Volkmar 1973; Rosenzweig  et al., 1962; McDonald et al., 2018  ). Too, that 

 repetition of skilled movements results in an enlarged cortical representation map for the muscles involved 

 in the movement (  Elbert et al., 1995)  . 

 Following a brain lesion there have been changes in other regions of the brain documented over 

 different post-lesion times, from minutes to months following a lesion. These observed changes might be 

 the result of many different factors including: differentiation, removal of inhibitory signals, activity 

 dependent synaptic changes, growth of new connections, or the unmasking of preexisting connections 

 66 64



 (Johansson, 2000)  . For example, following CNS damage, damaged oligodendrocytes proximal to the lesion 

 release into the brain parenchyma, with myelin-associated inhibitors (i.e., NOGO) impeding neuronal and 

 axon growth and repair (  Yiu & He, 2006)  . In addition,  reactive astrocytes in the region of a brain lesion 

 begin to form a glial scar that can act as a barrier to neuronal regeneration or re-growth of axons  (Yiu  & He, 

 2006)  . As a result of these inhibitory factors, re-growth  and repair of damaged neurons in the CNS is a rare 

 occurrence. However, growth of new synapses, termed synaptogenesis, and possible growth of new neurons, 

 neurogenesis, may contribute to functional recovery. 

 Neurotrophic factors and nerve growth factors (i.e., BDNF, NTF) are peptides that promote neural 

 survival, regeneration and regrowth of tissues, and thus act antagonistically to myelin-associated inhibitors. 

 As such increases in neurotrophins has been associated with reduced infarct volume improvement in 

 functioning during behavioral motor testing  (Johansson,  2000)  . Though controversial, it is theoretically 

 possible that endogenous stem cells of the dentate gyrus migrate towards cortical lesions, and confer 

 beneficial effects (Johansson, 2000). Studies involving creating cortical lesions in rats have shown that 

 lesions can induce dendritic branching in the contralateral hemisphere to the lesion, with dendritic plasticity 

 continuing up to 3 weeks following the lesion. 

 Exact biochemical mechanisms of cortical reorganization are vast, and likely vary greatly depending 

 on individual patient genetics, injury dynamics, and post-stroke behaviors. However, evidence generally 

 supports that cortical maps shown plasticity and reorganization following a lesion in both humans, and 

 animal models (  Dancause & Nudo, 2011; Nudo & Milliken,  1996;  Friel & Nudo, 1998  ;  Pons et al., 1991  ). 

 Endogenous cortical reorganization can allow for some level of functional recovery. In animal models 

 of stroke, and in human stroke patients, rehabilitative tasks can lead to significant improvement in motor 

 function over a period of several months up to a year following a stroke (  Frost et al., 2003;  Calautti  and 

 Baron, 2003)  . For example, Following a localized ischemic  lesion to the hand representation area of primary 

 motor cortex (M1) in squirrel monkeys, cortical mapping revealed that the hand representation area had 
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 relocated to the pre-motor cortex (Brodmann's area 6;  Nudo & Milliken 1996;  (Frost et al., 2003)  . In other 

 words, this data suggests that following an ischemic stroke the recovery of function was not due to a 

 neuronal function or regeneration at the site of the lesion, but that functional reorganization and plasticity of 

 nearby cortical regions (  Nudo & Milliken 1996;  ). 

 Conversely, it can also cause harm due to maladaptive cortical rewiring; with maladaptive plasticity 

 well established in other CNS disorders (  Li & Francisco  2015  ;  Moxon et al., 2014  ). For example, if animals 

 were prevented from using their unaffected forelimb, both the functional recovery and cortical changes were 

 inhibited  (Jones & Schallert, 1994; 1992  ). Too, post-stroke  spasticity is likely due to denervation of 

 upper-motor neurons from stroke, which then connect within incorrect cell types post-stroke (  Li & 

 Francisco, 2015)  . Ideally, with a combination therapy  of rehabilitation exercises, and pharmacological 

 agents following an ischemic stroke, a higher level of functional recovery can be achieved in humans. 

 However, the degree of recovery does not reach the same level of functioning as before the stroke (  Friel  and 

 Nudo, 1998  ). 
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 1.7  Factors Relating to Stroke Outcomes 

 The functional impairment observed following a stroke varies from patient to patient and is based 

 upon the location of the infarct and severity of the neural damage. Of interest, extensive heterogeneity 

 regarding outcomes in ischemic stroke has been extensively documented. As mentioned, multiple factors 

 contribute to functional outcomes following stroke. However, some predisposing factors are already known. 

 Current high-yield factors include so-called ‘modifiable’ and ‘nonmodifiable’ factors, which likely alter 

 stroke outcomes pre-injury or during injury. Some non-modifiable factors include increased risk of death 

 and disability due to; age, gender, genetic predisposition, race/ethnicity and familial history. However, it 

 should be noted that these factors are known to change over time. For example, the degree of 

 collateralization, and autoregulation of the vasculature known to decline in older adults (  Santamaría et al., 

 2020; Zimmerman et al., 2021)  . 

 Age is largely associated with increasing the incidence of stroke each year, with the median age for 

 stroke patients being 75 years old for women, and 71 years old for men  (  AHSA;  Sacco et al., 2013)  . The 

 emergence of an ageing population in developed countries will inevitably increase the incidence of stroke 

 annually where it is predicted that worldwide mortality from stroke will be 12.1% by the year 2030 

 (Mukherjee & Patil, 2011; Strong et al., 2007)  . Survivors  of a stroke, currently estimated at 50 million 

 persons worldwide, have a significantly increased risk to experience subsequent vascular complications and 

 new vascular incidents including future strokes (  Feigin  et al., 2017  ). 

 It is generally established that the location and size of the infarct determines the type of impairment to 

 some extent, since certain areas of the brain control specific functions. For example, brain stem damage can 

 affect vegetative functions like breathing, swallowing, blood pressure and heart rate, whereas ischemic 

 stroke that affects vascular territory in the frontal lobe can change survivor’s emotional responses, 

 judgments on environment, daily activities, and affect memories and understanding of abstract concepts. 

 69 67



 Regarding modifiable influences, lifestyle factors such as obesity, physical inactivity, smoking, heavy 

 drinking, high sodium intake, and related comorbidity have been well established from epidemiological 

 studies to contribute to prognosis for recovery following stroke (  Feigin et al.,  2017  ). Similarly, modifiable 

 physiological factors include hypertension, carotid disease, diabetes, dyslipidemia (elevated cholesterol and 

 triglycerides), sleep apnea, intracranial atherosclerosis, previous transient ischemic attack, valvular heart 

 disease, atrial fibrillation, aortic arch atheroma, sickle cell disease, depression, brain infections and chronic 

 inflammation. 

 Yet, though stroke has been extensively investigated, and has a high incidence, it appears that the 

 predictive ability regarding outcomes is still relatively poor. Indeed, even when known influencing factors 

 have been regressed from the outcome equations, there still appears to be substantial variance in post-stroke 

 outcomes. Though multiple data analytic techniques have gained popularity, and have allowed the 

 development of mathematical models to simulate how factors of a disease alter outcomes in other diseases, 

 no such model or algorithm exists to quantitatively articulate factors which influence stroke disability and 

 death. Thus, at present, the exact underlying factors which influence outcomes in stroke is unclear. 

 Though the past 20 years have generated protocols of physician intervention in acute ischemic stroke 

 (AIS) to improve in patient survival, and significant improvements over the last ten years  (Powers et al., 

 2018)  . However significant hiatus still exists in  stroke treatment, leaving minimal means of medical 

 management for patients experiencing acute stroke. 
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 1.8  Novel Stroke Diagnosis and Prognosis Techniques 

 Diagnosis of ischemic stroke is typically based on medical imaging such as a CT scan or magnetic 

 resonance imaging (MRI) scan, along with a neurological exam. However, elaboration of neuroimaging 

 methods, and inclusion of novel biomarkers, can assist diagnosis by ruling out other pathologies, inferring 

 stroke etiology, predicting post-stroke prognosis, and thus aiding choice of subsequent treatment. Thinking 

 back to the levels of diagnostic methods proposed by van Gijn (  1992)  , these can conceptually be though  as 

 ‘level 1’ indicators.  Other  general clinical tests,  though not classified as neuroimaging, are still useful in 

 differential diagnosis and etiology, and include electrocardiogram (ECG) imaging and general blood 

 chemistry. The following sections detail common and novel stroke biomarkers derived from neuroimaging 

 and wet-lab sampling techniques. 

 1.8.1 Stroke Neuroimaging 

 A prefered method for stroke assessment is use of neuroimaging, as it can assist in identifying 

 presence, location, and severity of stroke damage.  M  ajor contributions to our understanding of brain 

 pathology after injury has been provided by neuroimaging. Non-invasive neuroimaging techniques include 

 (1) radiography by plain x-ray or computed tomography (CT;  Prakkamakul & Yoo, 2017  ); (2) topological 

 electro- encephalography (EEG;  (Haneef et al., 2013)  ;  (3) Sonology and echography (  Ringelstein 1998)  , (4) 

 radioisotope tracing such as positron emission tomography (PET;  (Wang et al., 2020)  ; (5) Magneto- 

 encephalography and magnetic source imaging (MEG;  Paggiaro et al., 2016  ), and (6) magnetic resonance 

 imaging (MRI;  (Lövblad & Baird, 2006  ; with a summary  of these techniques in Table 5). Medical imaging 

 has become more readily available to support clinical decision making in multiple modalities to illustrate 

 different properties of the brain. Neuroimaging evaluation is useful for differentiating diagnosis, as patients 

 often present with a multitude of comorbidities in addition to unclear etiology of stroke onset, making a 

 definitive diagnosis difficult (see section 1.4). Yet, it must be understood that neuroimaging is a research 
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 tool, with associated caveats. For example, neuroimaging data may come too late to be of acute ambulatory 

 assistance. Faster screening methods to help reduce the negative effects of stroke in progress. 

 Since introduction in the  1970s,  Computed Tomography  (CT) and Computed Tomography Perfusion 

 (CTP) result in sequential brain images via X-ray (  DenOtter & Schubert, 2022)  . Neuroimaging by CT has  a 

 well-established record of identifying presence, location, and severity of stroke damage, with CT imaging 

 having an estimated sensitivity and specificity of 82% and 96% respectively (  Shen et al., 2017)  . Indeed,  CT 

 is often considered the “gold standard” for identifying stroke complications and differentiating intracerebral 

 hemorrhage and ischemic stroke (  Muir & Santosh, 2005  ).  Also, CT allows assessment of BBB through the 

 use of contrasting imaging techniques. At present, contrast-enhanced MRI and contrast- CT are the most 

 common tools used to detect BBB disruption, both of which involve i.v. injection of contrast agents - such 

 as gadolinium or iodinated contrast - and voxel-wise measurement attenuation coefficient in MR and CT 

 scans, respectively. CT can predict relatively accurately and promptly BBB leakage and cerebral 

 hemorrhage, useful for the 30-40% of stroke patients which experience the complication (Balami et al., 

 2011). A repeat CTA or MRA is usually performed within 48 hours of the initial presentation to hospital. 

 Scores of stroke-severity and etiology can be derived from these images, such as values of 

 CT-COLATERAL (  Tan et al., 2009  ), CT-ASPECTS (  Pexman  et al., 2001)  all being common methods for 

 predicting stroke severity and outcome. Though a common technique available for over 50 years, CT 

 imaging has less contrast between tissues, and requires exposing patients to ionizing radiation. 

 Electrophysiologic abnormalities following stroke, and other brain injuries, can be visible in 

 electroencephalography (EEG) recordings. EEGs are widely used to diagnose epilepsy, seizures, 

 Alzheimer's disease, cerebral dysfunctions and degenerative diseases of the brain (  Kakkar et al., 2021)  . 

 Abnormal EEG characteristics can present as altered frequency, amplitude, coherence, power, phase, and 

 symmetry of electrical activity within the brain (  Kane  et al., 2017)  . EEG alterations have been found to 

 correlate with mRS lesion location in stroke  (Sutcliffe  et al., 2022)  . Too, EEG may be more sensitive than 
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 the clinical neurological examination in detecting brain injury, with 86% of patients having a traumatic brain 

 injury showing abnormal EEG (  Haneef et al., 2013)  .  However, the ability of EEG to identify stroke may be 

 lacking. Only 23% of abnormal EEGs following traumatic brain injury had agreement with neurological 

 examination (  Haneef et al., 2013)  . In sum, current  findings support some utility of EEG for diagnosing large 

 acute ischemic strokes, but do not perform well at generally identifying acute cerebral ischemia. 

 Transcranial sonography (TCS) and near infrared spectroscopy (NIRS) use sound-based imaging 

 technique, in which wavelengths penetrate bone and soft tissue to a depth of several centimeters, thus 

 identifying some structures within the cranium and brain parenchyma. Blood is characteristically highly 

 absorbent within the near-infrared spectrum and can be identified using near-infrared spectroscopy. TCS has 

 been commonly used to diagnose intracranial space occupying lesions of various origins, intracranial 

 hemorrhage, hydrocephalus, midline shift and neurodegenerative movement disorders; in both acute and 

 chronic clinical settings  (Caricato et al., 2014)  .  In comparison to CT or MRI, TCS and NIRS presents lower 

 costs, shorter investigation times, ease of repeatability, and thus greater availability  (Bouzat et al., 2014)  . 

 Initial investigations, such as Mäurer and colleagues (  1998)  , suggested that sonography was in agreement 

 with CT imaging in 95% of eligible patients. Handheld spectrophotometers have been suggested to reliably 

 diagnose modest, superficial hemorrhages  (Robertson  et al., 2010)  . However, an inadequate visualization 

 within the cranium has been reported in 5% to 18% of patients (  Caricato et al., 2012)  . This lack of 

 sensitivity to deeper brain structures, along with additional issues, preclude applications in stroke triage (v  an 

 Gaal & Demchuk, 2018)  . 

 Since their introduction in the 1980’s, PET and diffusion-weighted MRI (DWI) have been used to 

 identify functional correlations between structural changes post-injury (Hunter et al., 2012; Schaefer et al., 

 2000). Positron emission tomography (PET) is a type of nuclear medicine procedure that measures 

 metabolic activity of the cells of body tissues. Similarly, a technique called single-photon emission 

 computed tomography (SPECT). The main difference between SPECT and PET scans is the type of 
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 radioactive tracers used; with PET using radiopharmaceuticals (i.e., 18 fluorodeoxyglucose; FDG), and 

 SPECT scans measuring gamma emissions from radionuclide decay (i.e., iodine-123;  Rice et al., 2011)  . 

 PET generally provides higher resolution than SPET, but at higher costs. PET is a unique combination of 

 nuclear medicine and biochemical analysis, in that radio-isotope tracers can be coupled to a variety of 

 metabolites; such as glucose, oxygen, and other biological compounds. Though PET has been used to study 

 brain perfusion under normal and pathological conditions, use of PET and SPECT is uncommon in stroke 

 assessment due to higher cost, exposure to ionizing radiation, need for an on-site cyclotron, the invasive 

 nature of blood sampling, and greater complexity (  Fan  et al., 2016)  . 

 Magnetoencephalography (MEG) is a non-invasive medical test that measures weak magnetic fields, 

 such as those produced by synchronized neuronal currents. Though the process was first devised in the 

 1970’s  (Cohen, 1968)  , it was not until the mid 2000’s  that such a technique became a practical possibility. 

 MEG is similar to EEG, but at much higher resolution. In Transient cerebral ischemia, MEG demonstrated 

 increases in both slow wave (2–6 Hz) and beta (12. 5–30 Hz) activity over the affected sensory- and motor 

 cortices in people who had lesion-free TIAs with sensorimotor symptoms (  Simmatis et al., 2019  ). However, 

 MEG has little implementation in stroke. Indeed, a key challenge posed by MEG - apart from its rarity and 

 expense - is that electric activity within the brain can be obscured by magnetic fields outside the head 

 (  Simmatis et al., 2019  ). Thus, MEG has a niche role  for investigating network dysfunction, and is limited in 

 the field of acute stroke. This technology is still far from clinical application (  Simmatis et al., 2019  ) 

 Last is MRI. Magnetic resonance based techniques are the most common, and thought to be the most 

 useful of currently available neuroimaging techniques. Due to the vast array of research utilizing MRI in 

 ischemic stroke,and the critical role this technique has in the presented research, a detailed discussion is 

 provided in the following section. 
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 1.8.2 MRI as a Research Tool In Stroke 

 MRI non-invasively captures signals from thousands of neurons and glial cells at a time. 

 Various neuroimaging techniques and parameters can be used in the study of stroke by estimating 

 alterations in structure and function of an ischemic brain. MR imaging sequences include axial 

 fluid-attenuated inversion recovery (FLAIR), gradient T2-weighted, T2-weighted fast spin-echo, and 

 sagittal T1-weighted FLAIR, and diffusion-weighted imaging. However, all of these techniques are 

 intrinsically inferential methodologies, as MRI non-invasively captures only indirect signals from 

 thousands of neurons at a time. These indirect methods thus require statistical inference to extract 

 useful quantitative information from the MRI data as to create knowledge regarding the accuracy and 

 applicability of MRI in ischemic stroke. An important goal in the field of stroke research is to develop 

 statistical inference models to improve the predictive ability of Magnetic Resonance Imaging (MRI) 

 data. Many tasks performed via MR involve detecting abnormalities, via binary (i.e., two way) 

 classification, with the task being to correctly classify tissue as ‘normal’ or ‘abnormal’. Stroke 

 research has utilized neuroimaging for over three decades, however there still exist fundamental 

 challenges in answering apparently simple questions, such as ‘what is the predictive accuracy of 

 neuroimaging in ischemic injury?’. 

 This section reviews basic MRI concepts, and identifies challenges relating to the identification 

 of optimal MRI methods in establishing the underlying causes of  stroke-related cellular death through 

 statistical methods derived from  MR signal relaxation  times, diffusion, and functional responses. In 

 order to make optimal use of the methods available it is important to understand the assumptions, 

 approximations, and limits of MRI applications in the context of stroke. Use of MRI in stroke requires 

 imposing assumptions that physiologic changes of cerebral ischemia can be readily inferred through 

 alterations in the underlying source of MRI signals. For example, it is assumed that increased 

 membrane permeability, cellular apoptosis, and blebbing induces change in the relative density of 
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 hydrogen and water molecules, and thus will affect the values of T2 and T1 relaxation constants. 

 Generally speaking, MRI provides a means for quantitatively estimating cerebral tissues affected by 

 stroke. However, at present, it is unknown whether multi-modal imaging has the capacity to discern 

 healthy  versus  ischemic tissue. Indeed, it is a topic  of debate whether it is possible to quantify T1 and 

 T2 values for classification of ‘healthy’  versus  ‘ischemic’  tissue. It is proposed that, though several 

 imaging methods are available to capture a portrait of the brain, no consensus has been reached 

 regarding standardization of optimal MR techniques for the investigation of stroke. The scope of this 

 overview is limited to common magnetic resonance imaging measures from T1 and T2 imaging, 

 diffusion imaging, and perfusion imaging  . 

 To accomplished this goal requires (1) understanding concepts of causality and statistical 

 inference, (2) methods for the collection and analysis of cerebral MRI data, (3) theories for how 

 stroke alters physiological properties of affected tissues, (4) how ischemic injury may cause 

 alterations of MR imaging, and (5) current research investigating physiological effects of stroke in 

 basic MRI signals. Importantly, though various manuscripts are available relating to the specific 

 mathematics of statistical measures in MR signal detection - such as computations required for 

 multidimensional tensors and kernel smoothing - these will not be discussed in depth as this is beyond 

 the scope of the present paper. The interested reader is referred to Afzali et al., (2020) for a discussion 

 of the specific difficulties regarding signal acquisition and parameter estimation, and a detailed 

 discussion of the mathematics of statistical methods for diffusion MRI. In addition, mathematical 

 models of observed MR signal may not accurately reflect gross physiological and anatomical 

 measures, and thus require post-hoc corrections (  Jiang  et al., 2017  ). 

 There are many ways to noninvasively measure brain structure and function in stroke (Amyot 

 et al., 2015); however, one of the most elegant methods would be the use of magnetic resonance 

 imaging. MRI has been used in neuroscience research for ischemic stroke since the 1980’s, and 
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 increasingly applied in the clinical context of ischemic stroke over the last twenty years (Kleindorfer 

 et al., 2015). MRI is a radiographic imaging technique that uses non-ionizing radio-waves to form 

 pictures of the anatomy and the physiology of the body. Grounded in signal detection theory, MRI is 

 predicated on the premise that a target signal can be identified separate from background random 

 patterns of distracting information, called noise (Wixted, 2020). 

 MRI works through a process of (1) sequential alterations of the magnetic field, (2) excitation 

 of specified atomic nuclei, (3) spatial encoding of resultant emitted signals, and (4) end integration of 

 acquired signals. Of importance, MR can be targeted to a particular tissue or function of interest, with 

 a specific combination of sequences and parameters to generate an MR image. This is referred to as 

 an MRI protocol. Though there are many quantitative MR measures applicable to stroke research, 

 common imaging techniques in context of ischemia include; T1 and T2 relaxation, diffusion-weighted 

 imaging (DWI), and perfusion weighted imaging (PWI) by arterial spin labeling (ASL) or MR 

 spectroscopy and functional neuroimaging by measuring the blood oxygenation level dependent 

 (BOLD) signal (Holdsworth & Bammer, 2008). The physics of MRI are profoundly complicated, but 

 generally allow a means of estimating the structure, connectivity, and activity of the central nervous 

 system (Chen & Steckner, 2017). 
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 (I) Overview of Neuroimaging Parameters and Techniques 

 Firstly, in the presence of a magnetic field, an MRI pulse sequence is programmed to implement 

 magnetic field gradients for obtaining tissue signals, usually by spin-echo (SE) techniques relating to the 

 resonance of various tissues. A SE pulse sequence is generally defined by multiple parameters, including: 

 echo time (TE), repetition time (TR), flip angle, field of view and matrix size, inversion pulse(s), spoiler 

 gradient, echo train length (ETL), the spatial acquisition of k-space, 3D or 2D acquisition, and external field 

 B-  values. Different combinations of these parameters  affect tissue contrast, acquisition speed, and spatial 

 resolution (see Figure 13A). 

 Next, MRI sequences can be grouped by the general image weighting (e.g., T1, T2, proton density, 

 etc., see Figure 13C). Multiple sequences are usually needed to adequately evaluate a tissue or function of 

 interest, with the combination of sequences referred to as an MRI protocol. A typical acute stroke MRI 

 protocol consists of T2-weighted imaging, diffusion-weighted imaging (DWI), and perfusion-weighted 

 imaging (PWI; see Figure 14). 

 Last, and most important, the predictive accuracy of neuroimaging to indicate death of brain tissues is 

 imperfect. Though multiple forms of imaging can provide estimates of blood flow, tissue integrity, and 

 neuronal activity, such imaging may be imperfect in identifying if tissues are actively degrading. 

 (II) Structural Imaging (T1 and T2) 

 Two common protocols for identifying the general structure of a brain are T1 and T2 MR 

 images. Contrast in structural MRI is critically dependent on the so-called relaxation times of 

 hydrogen atoms in the tissue, with two common protocols identifying the general structure of a brain 

 being T1 and T2 MR images, generated from T1 and T2 relaxation properties of a tissue. In both 

 cases, images are produced after protons aligned to an external field (  B0  ) are disrupted by a rotating 

 radiofrequency (RF) pulsed magnetic field, and then return toward equilibrium of  B0  . This process of 
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 relaxation produces a time-varying magnetic field, which induces a current in a receiver coil. T1 

 weighted images utilize differences in the T1 longitudinal relaxation times of tissues, and tend to have 

 short TE and TR values. Conversely, T2 weighted images rely on the transverse "spin-spin" 

 relaxation. T2 weighting tends to require long TE and TR values. For example, in T2 imaging the 

 transverse magnetization is formed by tilting the longitudinal magnetization into the transverse plane 

 using a radiofrequency pulse, with transverse magnetization rotating at the Larmor frequency 

 inducing an MR signal in the radiofrequency coil. In both cases, images are produced during the 

 relaxation period after protons aligned to an external field (  B0  ) are disrupted by a rotating 

 radiofrequency (RF) pulsed magnetic field, and then return toward equilibrium of  B0  . This process of 

 relaxation produces a time-varying magnetic field, which induces a current in a receiver coil. 

 Differences in T1 and T2 relaxation rates reflect the amount of time for longitudinal recovery and 

 transverse decay, respectively, to realign protons with the static magnetic field (  B0  ). Of note, 

 relaxation-time weighted images are not absolute measures of relaxation times in a tissue. Increases in 

 water content are best visualized by T2 diffusion patterns in a given tissue architecture. For example, 

 infarcted cerebral tissue, in which ischemic injury induces an influx of water into intracellular and 

 extracellular regions, manifests as restricted diffusion on MRI (  Afzali et al., 2020  ; van Gelderen et al., 

 1994). 

 T1 and proton density images can also be of assistance in the detection of stroke, as ischemic injury 

 can reduce the overall density of a given tissue, as T1 relaxation is influenced by factors such as temperature, 

 pH, viscosity, and the presence of ions, macromolecules, and tissue microstructures such as cell membranes. 

 However, there is usually no discernible contrast in T1 signal for acutely ischemic tissues, as the relative 

 signal change is small. 
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 FIGURE 13.  Illustration of Basic MRI Parameters and Properties; T1 and T2 signal in brain tissues 
 Spin-echo (SE) imaging; the repetition time (TR)  and the echo time (TE) are used to control image contrast and the 

 "weighting" of the MR image. The exact reference ranges for “short” or “long” times are not generally specified, and 

 depend on other factors such as the scanner magnetic field strength. T1 effects are connected to TR and T2 effects are 

 connected to TE. A) Different tissues have different longitudinal recovery (T1) and transverse decay (T2). B) The overall 

 signal intensity (S) of a SE sequence can be simulated in different tissues. These two graphs illustrate what two resonance 

 profiles would be at the given TR and TE parameters, and signal profiles for two tissue types. C) Illustration of the trade off 

 between TR and TE timing. Based on mriquestions.com.  Figure by Harrison, 2022. 
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 (III) Diffusion weighted imaging (DWI) 

 Another form of MR imaging is Diffusion-weighted imaging (DWI). DWI appears T2 

 weighted because diffusion gradients require a longer echo time. Unlike a conventional T2- weighted 

 MR images, a diffusion image has signal detection altered as water movement leads to rephasing 

 errors and loss of signal  (Beauchamp et al., 1998)  .  MRI measures of diffusion reflect water 

 self-diffusion; or, water diffusing within water. Estimates suggest that approximately 80% of brain 

 volume is water  (Weinberger & Radulescu, 2020)  . This  random diffusion process is driven by the 

 thermal energy of water molecules, and is a relatively small component of the tissue water compared 

 to the ubiquitous thermal motion. Thus, DWI measures the random Brownian motion of water 

 molecules within a 3-dimensional volume element (voxel) of tissue. However, diffusion of water 

 molecules in brain tissues is not free, but is restricted by interactions from obstacles such as the fibers 

 and membranes of bodily tissues. Hindrance of diffusion due to structures in the tissues results in 

 diffusion appearing to be slower than completely random Brownian motion. Such diffusion patterns 

 can therefore reveal details about tissue architecture in both normal or a diseased state. Measurement 

 of tissue anisotropy is inferred through motion of water molecules within a 3-dimensional volume 

 element (voxel) of tissue, and can reveal subtle white matter features in the brain not seen on 

 conventional MR images. Various DWI techniques exist, which can specify the directionality of 

 isotropic and anisotropic diffusion through various pulse sequences and magnetic fields. 

 Diffusion-weighted imaging (DWI) protocols create parameters of apparent diffusion coefficients 

 (ADC), mean diffusivity (MD), and fractional anisotropy (FA) which are common diagnostic tools in 

 the assessment of acute stroke. 

 The apparent diffusion coefficient (ADC) is a measure of the magnitude of diffusion over 

 increasing  B-  values (i.e.,  B0  ,  B1000  ). ADC aims to  measure flux of water by subtracting the T2 

 signal, obtained in the B0 sequence, from the B1000 image to generate a more accurate measure of 
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 water diffusion. However, limitations exist in both DWI and ADC imaging. Unlike T1 and T2 

 imaging, the major limitation of DWI and ADC can be generally summarized as relatively poor 

 spatial resolution. Too, DWI is useful in the clinical characterization cerebral ischemia following 6 

 hours post-onset (Foerch et al., 2009). ADC maps in particular can assist in determining a more 

 accurate measure of diffusivity, but with lower spatial resolution and lower signal-to-noise ratio. 

 Because of poor anatomical details on DWI and ADC maps, the technique is primarily used for large 

 ischemic lesions, and requires combination with T1- and T2-weighted imaging. alterations in 

 diffusion are one of the best indications of early ischemic injury. Indeed, DWI is the primary means of 

 characterizing cerebral ischemia following 6 hours post-onset when using MRI  (Barber, 2005; Fiehler 

 et al., 2004)  . Necrotic and apoptotic programs, and  flux of ions and water likely alters water mobility, 

 self-diffusion, and thus relaxation times of tissues. Secondary vasogenic and cytotoxic inflammation 

 of ‘infarcted’ tissues again alter relaxation times through increases of water content, altered 

 macromolecule concentrations, and temperature. 

 For example, ADC values are unreliable for tissues in the periphery of a stroke lesion, referred to as 

 penumbra (Guadagno et al., 2006). Depending on the specific MR pulse-sequence, acquisition protocol, and 

 equipment, large discrepancies can exist in the estimated stroke-effected regions, with research suggesting 

 that ADC thresholds measured on fast spin echo DWI  versus  echo planar imaging DWI have 18% 

 discrepancy (Kozlowski et al., 2008). Variation can also be derived from 1. 5 T and 3 T systems, which 

 suggest between 5% to 9% discrepancy (Chenevert et al., 2011). 

 There is also uncertainty regarding inferences which can be made from DWI and ADC maps 

 depending on the timing of ischemia; specifically during hyper-acute stages defined as between 0 and 6 

 hours of ischemia. In this hyper-acute stage, the predictive value of DWI and ADC is reduced, as there is 

 possibility of ongoing stroke without observable DWI and ADC signal (Foerch et al., 2009). This is 

 because, though the tissues are in a state of ischemia, affected regions may not yet show altered water 

 83 81



 diffusion. Similarly, some reports have suggested DWI to be completely insensitive to lesion detection. Such 

 ‘DWI-negative stroke’ is estimated at 7% to 25% of stroke cases (Edlow et al., 2017; Foerch et al., 2009; 

 Lam et al., 2005). 

 Alternatively, presence of ischemia by DWI and or ADC within 6 hours has the possibility of reversal 

 (Röther et al., 2002). Lesions with a high fluid content have a strong T2 signal, which thus results in 

 artificially high DWI signal not necessarily relating to ischemia (Kim et al., 2014). However, it is unclear 

 whether this signal-reversal represents true reversal of necrotic tissue death, as tissues may go on to infarct 

 regardless of DWI reversal. In general, values of DWI and ADC are not always sufficient to predict stroke 

 pathology (Hand et al., 2006; Kim & Winstein, 2017). 

 (IV) Functional imaging, BOLD 

 Although not directly a perfusion weighted technique, perfusion may be inferred by functional 

 magnetic resonance imaging (fMRI). A series of techniques useful in the study of stroke are functional MR 

 sequences, such as blood oxygenation-level dependent (BOLD). A form of magnetic resonance 

 spectroscopy, fMRI relates to signals produced by specific chemicals and metabolites in the body. BOLD 

 fMRI has been traditionally preferred, though recent technical advances have made ASL more popular 

 (Macintosh & Graham, 2013). In the case of BOLD fMRI, MR protocols measure subtle alterations in blood 

 flow by capitalizing on magnetic signal intensity differences between oxygenated and deoxygenated blood 

 over time; specifically reflecting concentration of deoxy-hemoglobin in a voxel. The vascular response 

 triggered by neuronal activation - the so-called hemodynamic response - elicits variations in the measured 

 BOLD signal. The cause of signal alterations is that iron not bound to oxygen strongly affects the 

 surrounding magnetic field, and induces a transient increase in T2*-weighted signal. These paramagnetic 

 properties of deoxyhemoglobin reduce image intensity, whereas increased concentrations of oxyhemoglobin 

 produce a relative increase in image intensity. This ‘neurovascular coupling’ is critical to BOLD signal, and 

 84 82



 can support measures of tissue activity (Andrade et al., 2006; Macdonald et al., 2018). Thus, fMRI time 

 series data can theoretically support measures of perfusion by cerebral oxygen extraction by post-processing 

 to obtain perfusion maps with different parameters, such as cerebral blood volume (CBV), blood flow 

 (CBF), mean transit time (MTT), and time to peak (TTP; Andrade et al., 2006; Macdonald et al., 2018). A 

 stroke is primarily characterized by reductions of cerebral blood flow. As such, one of the most immediate 

 means by which MR imaging can identify ischemia is reduction or loss of perfusion signal in the region 

 undergoing ischemia due to reductions of cerebral blood flow. Loss of membrane polarization is 

 hypothesized to prevent neuronal activity, and thus may disrupt alterations in BOLD signaling. In essence, if 

 a region of the brain has no blood in it, there is loss of neurovascular hemo-dynamic response and BOLD 

 fluctuations would disappear.. 

 (V) Perfusion weighted imaging (PWI) 

 Perfusion weighted imaging is a term used to denote MRI techniques that estimate perfusion of 

 tissues by blood. PWI denotes MRI techniques that estimate perfusion of tissues by blood. Unlike 

 anatomical and diffusion imaging, PWI attempts to quantify the cause of ischemia - lack of blood flow. The 

 main role of perfusion imaging is the evaluation of alterations of blood flow, which has excellent clinical 

 application for diagnosis and evaluation of cerebral ischemia. In general, there are three techniques used to 

 derive perfusion values:  arterial spin labeling (ASL), dynamic susceptibility contrast (DSC), and dynamic 

 contrast enhanced (DCE) (Jahng et al., 2014). A number of ASL schemes are possible, but all generally 

 infer cerebral blood perfusion by labeling blood prior to imaging, and differentiating reductions of signal 

 observed between control and tagged images. The magnetically ‘tagged’ or ‘labeled’ blood is estimated to 

 flow into the imaging region, causing a small decrease in T1 signal within a microvasculature voxel. In DSC 

 and DCE MRI, gadolinium contrast agent is intravenously injected, monitored over time, and which may be 

 considered a proxy for blood perfusion. The main difference between DSC and DCE is that DSC uses T2 

 85 83



 weighting whereas DCE time-series are T1-weighted. Thus, PWI is applicable at hyperacute timepoints in 

 cerebral ischemia research. In general, there are three techniques used to derive perfusion values:  arterial 

 spin labeling (ASL), dynamic susceptibility contrast (DSC), and dynamic contrast enhanced (DCE) (Jahng 

 et al., 2014). A number of ASL schemes are possible, but all generally infer cerebral blood perfusion by 

 labeling blood prior to imaging, and differentiating reductions of signal observed between control and 

 tagged images. The magnetically ‘tagged’ or ‘labeled’ blood is estimated to flow into the imaging region, 

 causing a small decrease in T1 signal within a microvasculature voxel. Acquired time series data can, 

 theoretically, then be post-processed to obtain perfusion maps with different parameters, such as blood 

 volume, blood flow, mean transit time, and time to peak. 

 Perfusion signals are dependent on several factors: the inversion efficiency, blood T1, tissue T1, 

 capillary permeability, arrival time, and ground-truth perfusion. In both BOLD fMRI and ASL, signal 

 efficiency of these assumed parameters differs between subjects. These variations within and between 

 individuals results in error of calculated blood flow values. Importantly, in the context of stroke, prolonged 

 arterial transit times can result in a false presence of perfusion, with transit times known to vary amongst the 

 population (see Amukotuwa et al., 2016 for review). For example, during the subtraction between control 

 and labeled images, static tissue signals can alter the efficacy of this process. Low signal-to-noise ratio 

 (SNR) is a critical limitation of BOLD and ASL, with estimates suggesting 1% to 4% SNR (Jahng et al., 

 2014). Thus, the accuracy of statistical models used in BOLD and PWI are imperfect (Calamante et al., 

 1999; Fazlollahi et al., 2015; Petersen et al., 2006). 
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 FIGURE 14.  Example of different MR sequences and parameters used in acute stroke 

 MRI sequences can be grouped by the general image weighting. Multiple sequences are usually needed to 

 adequately evaluate a tissue or function of interest, with the combination of sequences referred to as an MRI 

 protocol. A typical acute stroke MRI protocol consists of T2-weighted imaging, perhaps T1 imaging, 

 diffusion-weighted imaging (DWI), and perfusion-weighted imaging (PWI), and may also include FLAIR 

 imaging (a form of T2 in which the signal from fluid is attenuated, and thus better visualizes inflammation. 

 MRI images from Public Domain. Bottom right shows various parameters required to make these images, 

 and the general value of the parameter in a conventional clinical 3 tesla scanner. 
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 (VI) Limitations of MR signal relaxation 

 Limitations of MR signal relaxation can be summarised as being generally not designed for 

 identification of stroke related damage, and lacking standardisation in MRI protocols.. However, there 

 are well known drawbacks regarding neuroimaging in stroke, with questions regarding the efficacy of 

 neuroimaging platforms in both hyperacute stroke diagnosis and in its use for long-term prognosis. 

 Current estimates suggest that, within the first 3 hours of symptom onset, the sensitivity of MRI to 

 detect a later clinically confirmed ischemic stroke is no higher than 73% (Chalela et al., 2007; Foerch 

 et al., 2009). 

 MRI measures are useful because they can show physiological properties. In sum, relaxation times 

 acquired by T1, T2, DWI, PWI, and BOLD sequences reflect chemical and structural environments. 

 Gray-scale intensity of a voxel is determined by the T1 and T2 relaxation times, which is dependent on the 

 proton density of tissue represented at a voxel. Relaxation-time weightings of a given tissue - reflected as 

 grey-scale voxel intensity - depends upon the cellular and molecular characteristics of a tissue such as: 

 density of cells; dendrites; axonal terminals; presence of myelinated and unmyelinated axons; iron 

 concentration; the relative proportion of various macromolecules such as fats and carbohydrates; 

 microcirculation; metabolic activity; the directionality of cellular morphology; and importantly the magnetic 

 fields around hydrogen nuclei in the intracellular and extracellular water (Bansal et al., 2013). Many 

 biomolecules affect relaxation times, with lipid and water content particularly critical in the brain and the 

 resulting contrast between gray and white matter (Weinberger & Radulescu, 2020). Indeed, as water is the 

 dominant chemical composition of the brain, it is the primary determinant of tissue contrast in MR images. 

 Thus, mobility of water is critical to anatomical diffusion and functional imaging. 

 Because gray and white matter have distinctively different cellular properties - confirmed by 

 histological investigations - the white matter, grey matter, and cerebrospinal fluids of the brain differ in 

 composition and hence have different MR signals  (Despotović  et al.,  2015)  . Common classification 
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 methods include automatically partitioning T1-weighted images into gray matter, white matter, and 

 cerebrospinal fluid using voxel-wise testing across three probability density functions, using healthy 

 controls as a reference (e.g., Harmouche et al., 2015;  Smith et al., 2004  ;  Spies et al., 2013)  . If something 

 occurs to change the water mobility, water proportion, iron concentration, microcirculation, temperature, 

 cellular morphology, or presence of various metabolites; MR tissue signals become affected. Changes of 

 relaxation time are hypothesized to act as quantitative indices in pathological diagnosis using MRI (  Baron, 

 2001; De Crespigny et al., 1992;  Gröhn et al., 1998  ;  Jiang et al., 2017;  Shemesh et al., 2014  )  . For example, 

 relaxation times of a given tissue change with alterations of water content (Weinberger & Radulescu, 2020). 

 Such alterations occur in stroke, and provide opportunity to differentiate regions undergoing ischemic injury 

 from healthy tissues. 

 However, before conclusions can be drawn from measures, the precision of the measurement must be 

 determined and set in the context of inter- and intra- subject sources of variability. A challenge is, however, 

 to distinguish useful information from random noise or physiological noise; particularly in acute stages 

 where the end fate of tissues is unknown. Recently, it has become common to validate imaging findings by 

 acquiring multimodal MRI and then applying multivariate analytical techniques, along with as good as 

 possible quality-control measures, to develop MR based classifiers (Weinberger & Radulescu, 2020). For 

 example, average water contents of white and gray matter are estimated at ~0. 71g/mL and ~0. 83 g/mL, 

 respectively  (Whittall et al., 1997)  . Thus, these  variations in the composition of tissues result in differing MR 

 contrast, or signal intensity difference, between different tissues. At present there is no comprehensive theory 

 that allows one to reliably predict the exact T1 and T2 values of different tissues. Sophisticated theories have 

 been developed which adequately explain the relaxation properties of simple solutions and homogeneous 

 preparations of macromolecules. However, tissues are extraordinarily complex, containing a wide variety of 

 different molecules and possessing structure at both the microscopic and macroscopic levels. Even water is 
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 not simple to analyze in tissues; it may exist in multiple states, ranging from free (unbound) to partially 

 structured to fully bound. 

 For example, DWI methods can benefit inference of tissue classification. Research suggests mean 

 water diffusivity of white and gray matter is 0. 79×10  -3  mm  2  /sec and 0. 87×10  -3  mm  2  /sec, respectively, thus 

 allowing inference that voxels having a higher diffusivity are more probable to be grey matter  (Tanner et al., 

 2000)  . Similarly, functional and perfusion schemes  may facilitate tissue differentiation. For example, 

 investigations of BOLD can have proposed that grey-matter averages 2. 93% signal change, whereas 

 white-matter averages 2. 65% signal change  (Goode  et al., 2009)  . Parkes et al., (2004) proposed that  average 

 grey matter ASL perfusion values were 72mL  /  min  ⋅  100mL,  whereas white matter measured 

 27mL  /  min  ⋅  100mL  (Parkes et al., 2004)  . 

 However, it should be noted that these values - particularly perfusion metrics - show extensive 

 intersubject variation. For example, as previously mentioned, tissue classification for greymatter, white 

 matter, and CSF in healthy tissues imposes onto existent MR data that three tissue classes exist in a given 

 image (Despotovic, Goossens, & Philips, 2015). Such three tissue composition ‘factor analysis’ produces 

 results with the  intent  that there exist three classes  of tissue. Work by Georgiades and colleagues (2001) 

 aimed to establish normal variation of relaxation measures within cortical gray matter, with results 

 suggesting that natural variation of T2 measurements range from 103.40 msec (hippocampus) to 75.92 msec 

 (primary auditory cortex;  Georgiades et al., 2001  ).  Indeed, imposing only three tissue clases can be at times 

 invalid, such as in infant brains which have unmyelinated white-matter (Despotovic, Goossens, & Philips, 

 2015), degradation of tissues in the case of chronic stroke (Khan et al., 2020), and other neurodegenerative 

 lesions (Harmouche et al., 2015;  Spies et al., 2013)  .  A primary challenge is that ischemic injury, and the fate 

 of cells undergoing ischemic stress, exist on a continuum of physiological activity, ranging from completely 

 healthy to severely ischemic tissues. Though a binary classification is sought, ischemic cell death is not an 

 “on / off” phenomenon. For example, it is assumed that thresholds of ischemic injury are ubiquitous in the 
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 population, and thus only perfusion measures in hyperacute settings less than 20% of ‘normal’ values 

 directly infer tissue injury. However, it may not be statistically valid to impose such a binary classification. 

 Even if MR measures were able to provide absolute values for ischemic and healthy relaxation values, it is 

 likely that the MR measure of a given voxel would be a weighted average of the two tissue types. Similarly, 

 regional variations exist in cellular morphology, cytoarchitecture, water content and diffusivity, iron 

 concentration, microcirculation, and metabolic activity of the human brain cortex have been documented by 

 using histologic, physiologic, and imaging studies. What is an ‘ischemic’ relaxation constant in one region 

 may be ‘healthy’ in another brain area. Thus, at present, there appears to be no consensus regarding a 

 classification of stroke which would inform a conceptual model to allow for statistical testing. 

 In the case of regression models, ensuring a regression reflects meaningful measures and real-world 

 relationships relies on a number of classical assumptions, such as: (1) The sample is representative of the 

 population at large. (2) The independent variables are measured with no error. (3) Deviations from the model 

 have an expected value of zero. (4) The variance of the residuals is constant across observations 

 (homoscedasticity). (5) The statistical errors are uncorrelated with one another. Unfortunately, it is likely that 

 many of these assumptions can not be met in current investigations utilizing MRI. 

 For example, it is well known that stroke affects a wide population, with various underlying etiologies, 

 genetic predispositions, patient demographics, comorbidity, and additional factors. This results in substantial 

 population heterogeneity of both the ischemic process and the patient populations. Indeed, it is well 

 documented that substantial interindividual and intraindividual differences in cerebrovascular and respiratory 

 physiology cause substantial BOLD signal fluctuations  (Chang & Glover, 2009)  . Indeed, variability exists  in 

 physical, physiological, cognitive, experimental, and equipment sources; all of which result in challenges in 

 obtaining statistical inferential power. These pose a multitude of independent variables which can affect the 

 end dependent variable; the likelihood that a tissue is ischemic. Unfortunately, there are no generally agreed 

 methods for relating the number of observations versus the number of independent variables in a given 
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 model; however, assuming the existence of four independent variables would likely require over 1000 

 subjects across several observations  (Good & Hardin,  2012)  . If a researcher inadequately samples measured 

 variables from the domain of interest, it may fail to uncover important common factors. Conversely, if 

 measured variables irrelevant to the domain of interest are included, then spurious common factors might 

 emerge or true common factors might be obscured. Thus, defining a representative sample poses a statistical, 

 and logistic, challenge. As neuroimaging datasets have ever increasing complexity of meta-information, the 

 scope of neuroimaging analyses has expanded beyond the predominance of regression-type analyses and 

 null-hypothesis testing (Bzdok, 2017). Indeed, high-dimensional brain scans have the statistical challenge in 

 solving the multiple-comparisons problem, in which multi-dimensional images can quickly result in 

 superfluous inferences (Bzdok, 2017). 

 One critical aspect for developing statistical models is validation. Most, if not all, models establish 

 validity by experiments based on simulated models or hypothetical assumptions about tissue architecture 

 (Afzali et al., 2020)  . It is often assumed that alterations  in proton density, relaxation times, diffusion, or 

 perfusion, implies structural or functional changes of neural tissues. The assumption being that the lesion 

 presence is indicated by atypical voxels, which present as outliers and do not correspond to the expected 

 tissue types; ‘normative’ signals of grey matter or white matter. Unfortunately, this may not always be true. 

 Development of such inferential models is contingent on consistency of the effect being studied, however, 

 such consistency may not be present in ischemic stroke. For example, though tissues may be in a state of 

 ischemia, reports have suggested DWI to be insensitive to lesion detection at hyper-acute stages, with MR 

 values inferred by DWI and ADC not yet showing altered water diffusion. Such ‘DWI-negative stroke’ is 

 estimated at 7% to 25% of stroke cases (Edlow et al., 2017; Lam et al., 2005). Thus, there is possibility of 

 ongoing stroke without observable DWI and ADC signal in patients images admitted within six hours of 

 stroke. By contrast, it is possible that observed MR signals indicating stroke show spontaneous recovery, 

 with a patient showing no long-term damage despite positive imaging findings (Kim & Winstein, 2017; Hand 
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 et al., 2006; Röther et al., 2002). Thus, positive indications of stroke, illustrated by DWI restriction, may not 

 be indicative of end injury to tissues  (  Olivot et  al., 2009;  Wheeler et al., 2015)  . In general, values  of DWI 

 and ADC are not always sufficient to predict stroke pathology (Kim & Winstein, 2017; Hand et al., 2006). 

 Similar to DWI and ADC, there is little consensus about best thresholds for PWI or BOLD fMRI in 

 identifying ischemically threatened tissues (Bandera et al., 2006; Kakuda et al., 2008), and challenges 

 regarding high signal error (Essig et al., 2013; Holdsworth & Bammer, 2008). These conflicting reports 

 present a challenge in defining variables to then be evaluated in statistical tests. 

 An additional challenge is that the reliability of relaxation time measures, and diffusion parameters, 

 measured by MR depends on the data used to calculate them. If the research goal is to distinguish ischemic 

 and healthy tissues, it is first dependent on having a reliable method which actually distinguishes these 

 tissues at all. For example, diameters of the neuron fibers are at the order of μm3; however, constraints of 

 MRI technology only resolve image resolution in the order of mm3. Thus, voxels contain signals of various 

 tissue properties which thus may interfere or distract from the underlying effect of interest. If noise in the 

 data is not random - such as periodic fluctuations in signal related to heart-beat and breathing - then it may 

 affect the end- measured values. As such, MR measures may incorrectly interfere with the ground-truth state 

 of a tissue. 

 Unfortunately, though signal restoration, filtering, and normalization techniques are available through 

 various processing softwares,their application is questionable because the impact on the subsequent statistical 

 inference is often unclear (Shinohara et al., 2014). Specifically, as there exists no ground truth on which to 

 compare, the application of these techniques may not be valid. Thus, as no ‘ground truth’ nor ‘optimized 

 parameters’ exist in stroke neuroimaging, no consensus can arise regarding the best thresholds of T1, T2, 

 DWI, ADC, ASL, or BOLD over the time of ischemic-stroke. 

 For example, variations in local magnetic fields have a major effect on MRI measurements 

 (Beauchamp et al., 1998)  . Recent work highlights that  ‘apparent’ reductions in cortical thickness on MRI 
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 occur not because the cortex is less thick but because presence of myelin decreases T1 time-values of MR 

 measurement  (Afzali et al., 2020; Natu et al., 2019)  .  In the case of BOLD, it is well known that large veins 

 distant to sites of increased neuronal activity become a source of error regardless of voxel size (Ugurbil et al., 

 2003). Similarly, metabolic demands reflected by alterations in BOLD activity occur in both excitatory and 

 inhibitory neural activity  (Logothetis et al., 2001)  .  Indeed, neuronal inhibition may produce metabolic and 

 hemodynamic down-regulation, perhaps reflective of ischemia. 

 Depending on the specific MR pulse-sequence, acquisition protocol, and equipment, large discrepancies 

 can exist in the estimated stroke-effected regions. For example, T1 target parameters on MR protocols range 

 from approximately 300–2000 ms and T2 from 30–300 ms at 1. 5 and 3. 0 tesla (Macintosh & Graham, 

 2013). Research suggests that ADC thresholds measured on fast spin echo DWI  versus  echo planar imaging 

 DWI have 18% discrepancy (Kozlowski et al., 2008). ADC values can become unreliable, especially for 

 tissues in the periphery of a stroke lesion (  Guadagno  et al., 2006  ). Variation can also be derived from  1. 5 T 

 and 3 T systems, which suggest between 5% to 9% discrepancy (  Chenevert et al., 2011  ;  Lavdas et al., 2014  ). 

 Last, and perhaps most important, images may be non-specific for the level of tissue destruction, show a 

 weak relationship to clinical status, and may not be specific to stroke pathology (Valcarcel, et al., 2018). 

 Indeed, multiple ‘stroke-mimics’ present with DWI and T2 hyperintensities, such as status epilepticus, 

 multiple sclerosis, and numerous other disorders with the ability to differentiate diagnosis through MRI 

 relatively unknown  (Adam et al., 2018; Valcarcel et  al., 2018)  . 

 In the case of stroke neuroimaging, variability occurs due to heterogeneity and error from physical, 

 physiological, cognitive, experimental, and equipment sources. The following section focuses on statistical 

 challenges of sources relating to equipment, and can be summarized as caveats found in assumptions made 

 in common processing of MR signal relaxation imaging, diffusion imaging, and functional-perfusion 

 imaging. 
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 T1- or T2-weighted MRI are well known to be insensitive to the immediate effects of cerebral 

 ischemia, as all MR images are inherently proton density weighted, with the hyperacute processes of 

 stroke not altering the density of protons. Considering T1 relaxation first, this process is influenced by 

 factors such as temperature, pH, viscosity, and the presence of ions, macromolecules, and tissue 

 microstructures such as cell membranes. Water molecules, the primary source of MR signal, can 

 diffuse through multiple different relaxation environments within tissues during the T1 timescale. 

 Thus, there is usually no discernible contrast in T1 signal for acutely ischemic tissues. Since T2 is 

 much shorter than T1, the signal in hyperacute ischaemic stroke is able to show increases of cerebral 

 water signal over time of tissue ischemia, but shows minor anatomicals shifts in relation to T1 images. 

 MRI protocols in ischemic stroke also lack consensus regarding a common standard of signal 

 acquisition and imaging processing parameters. Importantly, T1 and T2 values are proportional to the 

 magnetic field strength, and heavily depend on tissue composition, and additional equipment. T1 

 ranges from approximately 300–2000 ms and T2 ranges from 30–300 ms at 1. 5 and 3. 0 tesla 

 (Macintosh & Graham, 2013). A goal for the improvement of the inferential application of MRI 

 would be to have a simplistic ‘threshold’ of T1 or T2 signal relating to reduced tissue density in 

 stroke; however, current variation in MR protocols prevents such simplified inferences. 

 Similarly, anatomical inferences of ischemia may not be possible due to challenges in spatial 

 registration and normalization of observed imaging. Inter-individual variability generally exists in all 

 MRI studies, and spatial normalization is dependent on the algorithm and templates used for anatomic 

 normalization. For example, anatomical features may exist in one brain but not in another, especially 

 in the case of stroke. In such cases where gross anatomical differences exist, this complicates the 

 application of averaging or inferring across subjects (Lancaster et al., 2007; Fox et al., 2014). Thus, 

 there is a lack of standardization both in signal acquisition parameters and post-processing methods. 
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 (III) Limitations of PWI and BOLD. 

 Unlike anatomical and diffusion imaging, PWI attempts to quantify the cause of ischemia, lack of 

 blood flow. Thus, PWI is applicable at hyperacute timepoints. However, similar to DWI and ADC, 

 there is little consensus about best thresholds for PWI or BOLD fMRI in identifying ischemically 

 threatened tissues (Kakuda et al., 2008; Bandera et al., 2006), and similar challenges regarding high 

 signal error (Holdsworth & Bammer, 2008; Essig et al., 2013). Issues in perfusion techniques can be 

 summarized as errors resulting from assumptions regarding perfusion quantification models, and low 

 signal-to-noise ratio. 

 Perfusion signals are dependent on several factors: the inversion efficiency, blood T1, tissue T1, 

 capillary permeability, arrival time, and ground-truth perfusion. In both BOLD fMRI and ASL, signal 

 efficiency of these assumed parameters differs between subjects. These variations within and between 

 individuals results in error of calculated blood flow values. Importantly, in the context of stroke, 

 prolonged arterial transit times (ATT) can result in a false presence of perfusion, with ATTs known to 

 vary amongst the population. 

 For example, during the subtraction between control and labeled images, static tissue signals can 

 alter the efficacy of this process. This low signal-to-noise ratio (SNR) is a critical limitation of BOLD 

 and ASL, with estimates suggesting 1% to  4% SNR (Jahng  et al., 2014)  . Because of this low SNR, 

 PWI is acquired at poor spatial resolutions  .  Thus,  the accuracy of statistical models used in 

 calculating blood flow from PWI data is imperfect (Fazlollahi et al., 2015; Petersen et al., 2006, 

 Calamante et al., 1999). 

 There are a range of applications for neuroimaging methods, as MRI provides the ability to 

 non-invasively image the central nervous system without the use of ionizing radiation, and images 

 may be acquired in multiple planes without repositioning the patient. Importantly, within the context 
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 of neural tissues, MRI provides superior contrast of soft-tissues compared to other neuroimaging 

 modalities such as computed tomography (CT), and positron-emission tomography (PET). Diffusion, 

 spectroscopy, and perfusion allow for precise tissue characterization rather than merely 'macroscopic' 

 imaging of tissue density. 

 Structural or anatomical neuroimaging has had a tremendous impact on medical practice for both 

 clinical diagnoses, and for informing associated treatment decisions. In stroke, T1/T2 and DWI 

 imaging can provide essential information regarding the physical state of tissues, macromolecules, 

 and water in the brain. Specifically, T1/T2 imaging shows high spatial resolution in support of 

 anatomical localization, and DWI / ADC provides estimates of water diffusivity. Similarly, functional 

 neuroimaging has allowed confirmation for the basis of major neurological disorders, such as the use 

 of PWI and fMRI to support states of ischemia as a cause of stroke-related cellular death. 

 (VII) General Caveats of MRI 

 Neuroimaging is a prime candidate in developing causal models of ischemic injury, specifically inferential 

 classification of tissue as ‘normal’ or ‘abnormal’.  he aim of conventional statistical analysis in MRI  is to 

 determine which voxels correlate with a known pattern. However, classification of ‘healthy’ tissue, let alone 

 ‘ischemic’, remains a challenge. In theory, if tissue properties and relaxation time characteristics at each 

 voxel were known, deducing stroke would only require following a set of equations. However, the challenge 

 is that ‘knowing’ tissue properties and relaxation characteristics is actually impractical.  MRI is often  more 

 time consuming, less available, and more expensive than other neuroimaging methods. Thus, a general 

 limitation of fMRI is that it is not yet a common tool for diagnosis or prognosis, as it isn't yet efficient or 

 feasible for clinical practice. As previously mentioned in the case of stroke neuroimaging, variability exists 

 in physical, physiological, cognitive, experimental, and equipment sources. The disadvantages of statistical 
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 inference in stroke clinical presentations within MRI relate to acquisition artifacts, acquisition heterogeneity, 

 processing  heterogeneity  ,  clinical heterogeneity;  all of which result in challenges in statistical inferential 

 power. 

 A common issue in all MRI methods is artifacts arising from heterogeneity within acquired data, 

 which can arise from equipment noise, technical challenges associated with the location of interest, or 

 physiological noise. MR images are subject to acquisition-related artifacts including those related to 

 magnetic susceptibility, instability in magnetic gradients used to acquire images, and radio-frequency 

 interference from outside sources (Budrys et al., 2018). These distortions occur due to interactions 

 between the magnetic field gradients and physical and physiological processes; such as anatomical 

 variations of the brain and vascular structures, or movements from heartbeats and breathing. 

 Similarly, heterogeneity exists in the methods of image acquisition regardless of instrumental noise. 

 Though most modern MRI scanners all allow anatomical, diffusion, and perfusion sequences, variability 

 between centres, and the preferences of MR physicists and technologists present a wide range of technical 

 factors which can alter findings (Guio et al., 2016; Potvin et al., 2019). Additionally, instrumental 

 acquisition heterogeneity arises from varying MRI scanner vendors, equipment hardware, pulse sequences, 

 and the data-interpretation software, all of which are known to influence MRI signals in stroke. 

 A specific point of focus relates to a lack of standardisation of processing software. Though there 

 are standards regarding the reporting of MR data (ISO standard; 12052), MR protocols in ischemic 

 stroke have no common standard for signal acquisition and imaging processing parameters, with this 

 lack of standardized and optimized protocols well known by radiologists. For example, in the case of 

 BOLD, it is well known that large veins distant to sites of increased neuronal activity become a source 

 of error regardless of voxel size (Ugurbil et al., 2003). Both the anatomical registration and 

 normalization procedures have questionable precision with correspondence between different brains. 
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 Thus, making inferences about populations derived from subjects with differing spatial shapes is 

 relatively unknown, and it is an open question whether functional-anatomical variability can be 

 effectively normalized or if this variability sometimes is too large. One estimate based on a 

 meta-analysis proposed that spatial variation in the location of an activation peak among comparable 

 group studies is ~1 cm (Lancaster et al., 2007; Fox et al., 2014). 

 Unfortunately, though signal restoration, filtering, and normalization techniques are available 

 through various processing softwares,their application is questionable because the impact on the 

 subsequent statistical inference is often unclear (Shinohara et al., 2014).  Specifically, as there exists 

 no ground truth on which to compare, the application of these techniques may not be valid. Thus, as 

 no ‘ground truth’ nor ‘optimized parameters’ exist in stroke neuroimaging, no  consensus can arise 

 regarding the best thresholds of T1, T2, DWI, ADC, ASL, or BOLD over the time of ischemic-stroke. 

 In addition to acquisition error and processing heterogeneity, there exists population heterogeneity 

 in stroke, and interindividual variability in all MRI. It is well known that stroke affects a wide 

 population, with various underlying etiologies, time to clinical admission, patient demographics, and 

 additional factors relating to such a heterogenous disease. 

 For example, variation in MR signals occurs throughout the ischemic process, with the predictive 

 value of DWI and ADC reduced in hyper-acute stages. Thus, there is possibility of ongoing stroke 

 without observable DWI and ADC signal in patients images admitted within six hours of stroke. 

 Similarly, a well-known disadvantage of ASL in ischemia is that prolonged ATT results in incorrect 

 underestimations of CBF. Thus, patients which are admitted into clinical care at hyper-acute stages 

 with prolonged ATT may not show indications of stroke in MR images. By contrast, it is possible that 

 observed MR signals indicating stroke show spontaneous recovery, with a patient showing no 

 long-term damage despite positive imaging findings (Hand et al., 2006; Kim & Winstein, 2017). 
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 T1- and T2-imaging by regular anatomical MRI, diffusion-weighted imaging (DWI), 

 perfusion-weighted imaging (PWI), and functional MRI (fMRI) were discussed in the context of 

 ischemic stroke.  Due to the multitude of factors which  can affect MR signals, there is as of yet no 

 common standardization of  T1, T2, DWI, ADC, ASL, or  BOLD techniques in ischemic-stroke. 

 Differences  occur from variations in MR artifacts,  acquisition protocols, and clinical heterogeneity. 

 These differences prevent definition of normal deviance and standard values. Though some groups are 

 attempting to untangle these variations to allow for the formation of causal inferences, this 

 unfortunately presents a logistical, computational, and financial challenge that  remains unaddressed. 

 T  hough groups have attempted to perform experimental  investigations relating direct histological 

 measures of ischemic injury in concert with indirect MRI observations to confirm MR indications of injury 

 in non-human animals, such experimental animal studies have translational challenges. Mimicking all 

 aspects of human stroke in animal models is not feasible because ischemic stroke is a heterogeneous 

 disorder with a various pathophysiology due to etiology, manifestation, and anatomic localization. It is 

 likely that experimental models may fail to capture independent variables of relevance to real-world effects; 

 including influences of comorbidity and age on ischemic thresholds.  Too, concerns have been raised 

 regarding reproducibility and integrity of animal research in ischemic stroke  (  Fisher et al., 2009  ; 

 Carmichael, 2005  )  . 

 Second  , obtaining inferential power is hindered due  to heterogeneity of ischemic injury, present in physical, 

 physiological, cognitive, experimental, and equipment sources.  It is very likely that latent variables,  such as 

 genetic or environmental predisposition to ischemia, may overshadow MR measures, and thus hinder the 

 establishment of coefficients used to assign probability that a voxel location contains lesional tissue. 
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 Statistical inference  is dependent on sufficiently fitted models, based on reliable empirical observation, 

 derived from  common high-quality non-inferential data-sets.  Last, a  multitude of factors can affect MR 

 signals. As there is as of yet no common standardization of  T1, T2, DWI, ADC, ASL, or BOLD techniques, 

 such methodological variation hinders the ability of researchers to develop unified MR models of 

 ischemic-stroke.  Though some groups are attempting  to untangle these variations in MR to allow for the 

 formation of causal inferences, this unfortunately presents a logistical, computational, and financial 

 challenge which  remain largely unaddressed.  In summary,  future research should aim to develop rich 

 repositories of multi-modal MR-Data, such that structural and functional changes as a result of stroke, can 

 be elucidated from MR signal relaxation times, properties of diffusion, and BOLD responses, with high 

 accuracy and reliability. 

 Current estimates suggest that, within the first 3 hours of symptom onset, the sensitivity of MRI to detect a 

 later clinically confirmed ischemic stroke is no higher than 73% (Foerch et al., 2009; Chalela et al., 2007). 

 However, neuroimaging can not be performed in acute emergency patient transport settings, or may not be 

 available at all hospitals due to the high-cost of equipment and staff required to operate these systems. Thus, 

 traditional methods of stroke identification - such as neuroimaging or neuropsychological assessment - take 

 time to organize and implement. 

 During this time, an ischemic brain continues to experience cell death and permanent damage. 
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 1.8.3 Biomarkers as a Research Tool in Stroke 

 Rapid identification and classification of an ischemic stroke - as opposed to hemorrhagic stroke or other 

 ailments - would allow clinicians to quickly apply interventions with the potential to reduce or minimize 

 associated long-term stroke related impairment. The first instance of biomarkers being discussed as a 

 clinical possibility occurred over 50 years ago (Granger et al., 1979). To aid in the clinical process of 

 diagnosis and prognosis, ‘biomarkers’ could be utilized, with growing interest in using biomarkers in stroke 

 clinical care; specifically in evaluating the usefulness of biomarkers derived from ‘intravascular’ and 

 ‘extravascular’ bodily fluids. However, no consensus exists amongst the neurological community regarding 

 whether fluid biomarkers can act as a valid proxy for acute stroke. Thus, it is important to understand the 

 current research and limitations regarding fluid biomarkers in medical decision algorithms. In summary, it is 

 proposed that though blood and CSF biomarkers exist for stroke, their use must be refined as they currently 

 lack the benefits found in centres that have availability of neuroimaging. 

 A goal in acute ischemic-stroke the identification of a validated surrogate biomarker, in which the 

 predictive signal is considered so strong that the biomarker can substitute for a clinical diagnosis 

 (Glushakova et al., 2016). Indeed, fluid biomarkers already guide decision-making in clinical practice to 

 identify those at risk of stroke, but are not currently used in the diagnosis of acute-stroke (Hochholzer et al., 

 2010; Kernan et al., 2014; Jickling & Sharp, 2015). Thus, a promising strategy is utilization of fluid 

 biomarkers to facilitate diagnosis and rapid classification of an ischemic stroke, as opposed to hemorrhagic 

 stroke or other ailments. Biomarkers may also allow identification of patients at risk for developing 

 secondary malignant hemorrhagic transformation of stroke, for which no reliable clinical or imaging 

 predictors exist (Montaner et al., 2006; Castellanos & Serena, 2007). In both situations, identification of 

 such biomarkers would allow physicians to quickly apply known treatments or interventions with potential 

 to reduce associated long-term stroke related impairments. 
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 Over the last 50 years, researchers and clinicians have suggested using biomarkers as a faster way to 

 detect stroke acutely (Granger et al., 1979). In 1998, the ‘National Institutes of Health’ defined a 

 ‘biomarker’ as a target molecule, chemical, or cell that is measured in the human body, which acts as an 

 measure or indicator of normal, pathological, or pharmacodynamic biological response (Strimbu, & Jorge, 

 2010). A ‘biomarker’ is a target molecule, chemical, or cell that is measured in the human body, which acts 

 as a measure or indicator of normal, pathological, or pharmacodynamic biological response (Strimbu & 

 Jorge, 2010). Biomarkers act as objective indications of normal or pathological processes, which may be 

 used to provide an empirical measure to assist physicians by streamlining the clinical process. However, of 

 the various laboratory tests that could be used to obtain biomarkers, two main categories exist: the 

 assessment and measurement of ‘intravascular’ and ‘extravascular’ bodily fluids. These include (1) 

 intravascular hematological investigations of peripheral venous blood, and (2) lumbar puncture for 

 cerebrospinal fluid (CSF). Unfortunately, few studies have evaluated the same biomarker proteins in both 

 CSF and blood. 

 Indeed, certain biomarkers may allow identification of patients at risk for developing secondary malignant 

 transformation of stroke, for which no reliable clinical or imaging predictors exist (Montaner et al., 2006; 

 Castellanos & Serena, 2007). Laboratory tests of blood, urine and cerebrospinal fluid samples have allowed 

 the identification of a large number of injury biomarkers (Zetterberg, et al., 2013). A promising strategy is 

 utilizing fluid biomarkers to improve diagnostic and prognostic accuracy. Fluid biomarkers already guide 

 decision-making in clinical practice, such as the use of troponin in cardiac arrest (Hochholzer et al., 2010). 

 The following manuscript aims to provide a scoping review of biomarkers from intravascular peripheral 

 venous blood and extravascular cerebrospinal fluid (CSF) in the clinical assessment of ischemic stroke. To 

 accomplish this, a brief review identifies the various forms of biomarkers, and narrows the focus to a select 

 number of well cited candidate measures. Then, an overview provides insight into the relationship of fluid 

 biomarkers to currently established neuroimaging protocols in stroke. In summary, it is proposed that though 
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 biomarkers of blood and CSF exist for stroke, their use must be refined, as they currently lack the benefits 

 found in centres which have availability of neuroimaging. 

 Of various laboratory tests that could be used to obtain biomarkers for analysis, two main categories exist; 

 invasive and non-invasive tests. Invasive tests usually require the physical removal of bodily matter, usually 

 requiring minor injury to the epidermis or other connective tissue. The collected matter also then requires 

 medical biochemistry laboratories to analyse the obtained bodily specimens. By contrast, non-invasive tests 

 include neuroimaging and neuropsychological assessment, which require specialized instrumental 

 equipment and trained clinicians. 

 Invasive tests comprise two main categories: the assessment and measurement of ‘intravascular’ and 

 ‘extravascular’ bodily fluids. These include (1) intravascular hematological investigations of peripheral 

 venous blood, and (2) lumbar puncture for cerebrospinal fluid (CSF). Urinalysis is an additional fluid 

 measure available, though not theoretically applicable to fluid assessment of neurological damage. In both 

 intravascular and extravascular fluid samples, tests can be performed relating to (A) genetic and proteomic 

 studies; (B) serology, (C) toxicology, (D) endocrinology, and (E) immunology. The process of collecting 

 intravascular fluids is commonly referred to as venipuncture or phlebotomy, with the purpose being 

 sampling of blood. Blood-sampling is a common and readily accessible testing methodology, with 

 blood-based tests used to aid clinical decisions among internal medicine specialists. However, in the context 

 of neurological injury it is possible that a biomarker of interest may not be as strongly concentrated for 

 efficient signal assessment in blood obtained from the body's periphery.. 

 In contrast to ‘intravascular’ sampling, ‘extravascular’ sampling involves collection of cerebrospinal fluid, 

 most commonly from the subarachnoid spaces of the spine. Cerebrospinal fluid (CSF) is a clear, colorless 

 liquid found in your brain and spinal cord. It acts to cushion the brain and/or spinal cord, and also allows 

 diffusion and removal of waste products from neuronal activity. The second category of testing 

 methodologies are ‘non-invasive’ tests for biomarkers. Though this review focuses primarily on 
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 biochemical fluid biomarkers, from blood vasculature and CSF, additional investigation strategies of 

 relevance will be mentioned;, specifically, neuroimaging. As a ‘biomarker’ generally refers to signals which 

 identify the presence or absence of a disease, biomarkers can indirectly be derived by physiological signals 

 of tissues. 

 The following section discusses three general functional classes of biomarkers released during ischemic 

 injury that have been investigated in the diagnosis of ischemic stroke. The vast array of available 

 biomarkers is too great to discuss in a single manuscript. However, several fluid biomarkers have been 

 consistently identified as feasible clinical candidates for identification and differentiation of ischemic stroke, 

 such as; markers of vascular degradation (D-Dimer, MMP9), cytoskeletal function (MBP, NFL, Tau) 

 neuron-glia specific proteins (s100B, GFAP, NSE), and inflammatory mediators (CRP, BNP, IL-6), with 

 several reviews regarding their application in stroke (Foerch et al., 2009; Glushakova et al., 2016; Jensen et 

 al., 2009; Jickling & Sharp, 2011; 2015). Unfortunately, determining normalized values of these products, 

 and signals that indicate hemorrhagic or ischemic infarction, is at present impossible due to extreme 

 inconsistency of reported values in the literature. However, these markers all present possible opportunities 

 as biomarker measures in stroke if accurately quantified. 

 Fluid biomarkers have the potential to distinguish stroke from disorders mimicking stroke. They also show 

 potential to correctly identify strokes that are just beginning to evolve rather than waiting until the patient is 

 presenting with severe neurological symptoms. Normalized medical values - spanning small-molecule 

 entities, metabolites, nucleic acids, lipids, proteins, to blood cell phenotyping - exist as possible measures to 

 establish a biomarker in ischemic stroke. This vast array of available biomarkers is too great to discuss in a 

 single manuscript; however, several fluid biomarkers have been consistently identified as relevant to 

 ischemic stroke identification. 

 105 103



 (I) General Vascular Markers 

 Hemorrhagic transformation is a significant complication in ischemic stroke diagnosis and care. Thus, a 

 primary biomarker candidate in acute stroke diagnosis would be one that can differentiate hemorrhagic 

 stroke from ischemic stroke. Two important markers for the differentiation of ischemic and hemorrhagic 

 stroke are matrix metalloproteinase (MMP)-9, and D-Dimer. 

 MMP-9 is a collagenase enzyme involved in the degradation of extracellular matrices. In the pathological 

 cascade of ischemic stroke, MMP9 is well known to facilitate loss of the blood-brain barrier through 

 degradation of the basal lamina and extracellular matrix of vascular endothelium  (Montaner et al., 2001)  . 

 Importantly, MMP9 appears to diffuse into blood and CSF following stroke, with increased concentrations 

 proposed to predict hemorrhagic stroke, or transformation into hemorrhagic infarction, due to microvascular 

 decay  (Kavalci et al., 2011)  . Several researchers  have investigated the use of MMP9 in stroke diagnosis 

 (e.g.,  (An et al., 2013; Kavalci et al., 2011;  Vanni  et al., 2011;  Glickman et al., 2011; Sharma et al.,  2014)  . 

 As an example, Vanni and colleagues screened patient plasma samples for MMP9 within 24 hours of stroke, 

 and proposed that addition of MMP9 values to clinical screening provided 70% sensitivity and 80% 

 specificity in distinguishing Ischemic stroke from stroke mimics  (Vanni et al., 2011)  . However, other 

 investigations have proposed that the MMP9 marker in isolation shows relatively poor predictive utility, 

 with reported sensitivities and specificities often ranging from 40-65% (  See Appendix  ). Additionally,  no 

 consensus exists regarding what range of MMP9 values is of best utility, with reported values in 

 publications ranging from ~6 ng/mL to 211ng/mL (  Demir  et al., 2012; Kim et al., 2010)  . 

 D-Dimer is a well utilized marker in cardiac clinical care due to its significance in clotting cascades 

 (Hochholzer et al., 2010). D-dimer is a byproduct of fibrin degradation, and is thus present in the blood after 

 blood clots are degraded by fibrinolysis  (Ageno et  al., 2002)  . As such, D-dimer concentrations may indicate 

 thrombosis, with measures of D-Dimer providing a possible means to differentiating ischemic from 

 hemorrhagic stroke. For example,  (Ageno et al., 2002)  evaluated the utility of D-Dimer plasma 
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 concentrations in ischemic patients versus controls. Results suggested that concentrations greater than 2. 00 

 ug/mL provided a 60% sensitivity and 94% specificity in distinguishing ischemic stroke subtypes. Similarly, 

 Montaner and colleagues directly investigated D-Dimer in the differentiation of ischemic and hemorrhagic 

 stroke subtypes  (Joan Montaner et al., 2012)  . However,  Montaner et al., found that D-Dimer did not aid in 

 diagnosis. Indeed, different researchers have suggested different diagnostic thresholds for D-Dimer, with 

 publications reporting values of D-Dimer in stroke vary from 150 pg/mL to 188. 6 ng/mL  (Kavalci et al., 

 2011;  Kim et al., 2010)  . Thus, similar to MMP9, D-Dimer  has yet to provide consistently strong diagnostic 

 utility  (Kavalci et al., 2011)  . 

 (II) Cytoskeleton Markers 

 Alterations of the cytoskeleton and microtubule-associated proteins can occur following ischemia, with 

 notable biomarkers including: neurofilament (NF) light and heavy chains; microtubule associated protein 

 (Tau); and myelin basic protein (MBP)  (Peplow et al.,  2020)  . 

 MBP is a protein with upregulated expression in the myelin sheath of nervous tissue (Can et al., 2015; 

 Shibata et al., 2012). It is hypothesized that, following necrotic and apoptotic ischemic infarction, 

 degradation and demyelination causes release of MBP into blood sera and CSF. For example, Strand and 

 colleagues (1984) evaluated concentrations of MBP and various other biomarkers concentrations, in the 

 CSF of ischemic patients versus controls. Results suggested that MBP concentrations in healthy individuals 

 (Mean ± SD) were 2. 36 ± 0. 81ug/mL, and in patients screened for stroke within 24hours MBP 4. 8 ± 4 

 MBP0. 81ug/mL. However, Can et al., (2015) reported concentrations of MBP in sera were 

 indistinguishable between patients and controls, and found that MBP levels did not increase within 12 hours 

 of stroke, with MBP concentrations of 82. 4±63. 9 pg/mL. No evaluations of sensitivity or specificity of 

 MBP in stroke detection have been published, thus creating skepticism regarding the efficacy of MBP as a 

 biomarker. 
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 As part of the cytoskeletal matrix, intermediate filaments are found in the cytoplasm of neurons. 

 Neurofilaments (Nf) are mainly localized to the axons of myelinated tissue, and are often classified as light 

 (NfL) and heavy (NfH) neurofilament chains. Elevated levels of Nf in the CSF and blood are thus thought to 

 indicate axonal damage. Alterations in Nf have been reported in experimental animal models of stroke 

 (Song et al., 2014)  , and increased concentrations  of Nf have been reported following CSF sampling in spinal 

 injury patients  (Guéz et al., 2003;  Winnerkvist et  al., 2007)  . Nf serum levels have been associated  with 

 active neurovascular and neuroimmune pathology  (Gattringer  et al., 2017)  . However, until recently, the 

 measurement of Nf was possible only from CSF, where concentrations are up to 50 times higher than those 

 measured in blood. The introduction of novel techniques such as the small molecule assay (SIMOA) may 

 provide improvements in the detection of these proteins. For example, Onatsu and colleagues evaluated Nf 

 in distinguishing ischemic infarction from stroke mimics in an emergency setting  (Onatsu et al., 2019)  .  It 

 was reported that serum concentrations of Nf >49 pg/mL within 24 hours of stroke onset allowed 

 classification of stroke from mimics with a sensitivity and specificity of 73% and 80%, respectively. 

 However, other investigations have been critical of Nf as a biomarker in acute stroke, finding that Nf did not 

 show strong correlations with behavioural or neuroimaging assessment  (De Marchis et al., 2018; 

 Pujol-Calderón et al., 2019; Sellner et al., 2011; Uphaus et al., 2019)  . 

 An additional cytoskeletal marker of interest are Tau proteins. Microtubule-associated protein Tau 

 referrers to six protein isoforms, which are hypothesized to facilitate microtubule integrity in neurons and 

 glial cells. Like Nf, presence of Tau proteins outside of cranial tissues is generally thought to indicate 

 neurodegeneration. In experimental murine models, Tau signals in infarcted cortical tissues have been 

 reduced at 24 hours  (Härtig et al., 2016)  . In addition  to investigating MBP, Strand et al., suggested CSF Tau 

 concentrations in healthy individuals were 1. 68 ± 0. 65mg/L, and 4. 5 ± 2. 3mg/L in ischemic stroke 

 patients screened within 24 hours  (Strand et al.,  1984)  . However, Tau shows challenges as a clinically  useful 

 biomarker. Onatsu et al., (2020) found that Tau concentrations ranged from 0. 2pg/mL - 1. 0pg/mL in 
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 controls, and 0. 3pg/mL - 2. 2pg/mL in ischemic stroke patients, a difference that was not clinically 

 significant. This research also reported that SIMOA testing of Tau provided a 73% sensitivity and 75% 

 specificity in distinguishing stroke from mimics. A challenge is that Tau, and likely other proteins, has an 

 estimated bioavailability and half-life of approximately ten hours, thus causing Tau concentrations to 

 degrade rapidly (  Lasek-Bal et al., 2016; Onatsu et  al., 2020)  . Indeed, several investigations of stroke  suggest 

 only ~30 – 50% of patients who have a stroke also have Tau in their serum  (Lasek-Bal et al., 2016)  . 

 (III) Neuronal / Glial Markers 

 Another area of active biomarker research in acute stroke is screening for markers specific to neurons and 

 glia. As ischemic infarction causes loss of cell integrity, release of proteins unique to neuronal and glial 

 cellular subtypes may provide indication of injury to nervous tissues. Example biomarkers include: the 

 calcium binding protein s100B; Glial Fibrillary Associated Protein (GFAP); and Neuron Specific Enolase 

 (NSE). Of particular interest are astrocytic markers s100B and GFAP, which have been extensively 

 investigated, perhaps because astrocytes are estimated to compose 40-60% of all nervous tissues  (von 

 Bartheld et al., 2016; Gattringer et al., 2017)  . Research  suggests that within the acute period of stroke, 

 astrocytes act as the predominant instigator in promoting neuroinflammation and neurodegeneration, rather 

 than microglia or macrophages  (Chiu et al., 2017;  Härtig et al., 2016)  . 

 S100 calcium-binding protein B (S100B) is a cytoplasmic and nuclear protein involved in multiple 

 cellular processes, such as cell cycle progression, differentiation. Importantly, S100B has served as a well 

 established marker for glial cells of nervous tissue, with multiple investigations of s100B in acute stroke 

 diagnosis (Fassbender et al., 1997; Herrmann et al., 2000; Selcuk et al., 2014). Unfortunately, the literature 

 suggests that s100B shows low utility in its ability to differentiate ischemic stroke from healthy controls or 

 stroke mimics. For example, González-García and colleagues proposed that blood sera concentrations 

 >130ng/L could distinguish ischemic stroke from stroke mimics with 55% sensitivity and 64% specificity 

 (González-García et al., 2012)  , meaning there would  be many false positives and false negatives. For studies 
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 investigating s100B in CSF, Aurell and colleagues found that s100B concentrations in ischemic patients 

 were 485. 8±295. 2 μg/L , whereas healthy controls showed 318. 6± 162. 7μg/L  (Aurell et al., 1991)  . 

 It has, however, been proposed that s100B may instead be of use in hemorrhagic versus ischemic stroke 

 diagnosis. For example, Kazmierski et al., (2012) reported that s100B concentrations >11. 89pg/mL may 

 distinguish ischemic from hemorrhagic stroke with a sensitivity of 92. 90% and specificity of 48. 10%. 

 However, there exists great variability regarding the accuracy of s100B testing, with sensitivity and 

 specificities ranging 13% - 92. 90% and 48%-98% respectively (  Demir et al., 2012; Kim et al., 2010  ; 

 Gonzalez-Garda et al., 2012; Kavalci et al., 2011; Laskowitz et al., 2009;  Joan Montaner et al., 2012; 

 Sharma et al., 2014; Zhou et al., 2016  ; Whiteley et  al., 2008;  Foerch et al., 2007;)  . 

 GFAP is an intermediate filament protein that shows high expression in neuronal astrocytes, and is altered 

 in models of ischemic infarction (Aurell et al., 1991). GFAP, and GFAP autoantibodies, have been detected 

 in the CSF and peripheral blood following stroke, with release though to be the result of blood-brain barrier 

 compromise and microvessel degradation  (Kamchatnov  et al., 2010;  Peplow et al., 2020)  . Experimental 

 animal models have proposed that for numerous astrocyte-specific proteins, including GFAP, expression is 

 altered within 24 h after infarction  (  Chiu et al.,  2017; Esposito et al., 2013  ;  Peplow et al., 2020  ).  Similar to 

 s100b, GFAP has been proposed to differentiate diagnosis of ischemic stroke from healthy controls or stroke 

 mimics, and ischemic stroke from hemorrhagic infarction. For example, Katsanos et al., (2017) proposed 

 that blood plasma concentrations >0. 43 ng/mL could distinguish ischemic stroke from stroke mimics with 

 91% sensitivity and 97% specificity. Regarding GFAP in differentiating hemorrhagic versus ischemic stroke 

 diagnosis, several studies support that GFAP levels are raised in intracerebral hemorrhage within 2–6 h of 

 symptom onset, and may distinguish hemorrhagic and ischemic stroke  (Katsanos et al., 2017;  Llombart  et 

 al., 2016; Luger et al., 2017; Ren et al., 2016;  Rozanski  et al., 2017  ;  Dvorak et al., 2009; Foerch et al.,  2012; 

 Undén et al., 2009; Xiong et al., 2015)  . For example,  Rozanski et al., (2017) reported plasma GFAP 

 concentrations >0. 29 ng/ml may distinguish ischemic and hemorrhagic stroke with a sensitivity of 32% and 
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 specificity of 100% (  Katsanos et al., 2017; Rozanski et al., 2017)  . However, like all previously mentioned 

 markers, there is weak agreement regarding normative values of GFAP, and thresholds used in the diagnosis 

 of hemorrhagic and ischemic stroke (  see Appendix  ). 

 NSE is an enzyme that is involved in glycolysis and gluconeogenesis, and can be used to identify neuronal 

 and neuroendocrine cells of the nervous system. As neurons have unique metabolic requirements, increased 

 presence of NSE is thought to indicate metabolic dysfunction following ischemic stress or cellular death of 

 neurons (Cunningham et al., 1991). For example, Kazmierski et al., (2012) reported that NSE thresholds of 

 >24 ug/mL may distinguish between ischemic and hemorrhagic stroke with a sensitivity of 23% and 

 specificity of 94%. However, as in other studies, there unfortunately exists much variability in the 

 sensitivity and specificity of NSE (ranging from 55–80% for sensitivity, and 35–100% for specificity;  (An  et 

 al., 2013;  Gonzalez-Garda et al., 2012; Whiteley et  al., 2008). Too, investigations have suggested that NSE 

 and s100B show no alteration in CSF samples within 8 hours post infarction (Aurell et al., 1991; Dayon et 

 al., 2008). 

 (IV) Inflammatory Markers 

 An additional biomarker class of interest are inflammatory markers. Though previously mentioned 

 markers may induce inflammatory activation, markers such as  Brain Natriuretic Peptide (  BNP), Interleukin 

 6 (IL-6), and C-reactive protein (CRP) are proposed to more directly induce inflammatory cascades. In 

 general, inflammatory marker expression appears to be more delayed, thus having less utility in acute 

 diagnosis but perhaps providing some benefit to prognosis. 

 BNP is a signaling molecule known to have relevance in cell stress and injury. For example, BNP is 

 released from cardiomyocytes in response to mechanical stress and subclinical injury  (Peplow et al., 2020)  . 

 BNP has also reportedly been associated with both white-matter hyperintensity and silent infarcts  (Dadu  et 

 al., 2013)  . These data suggest that BNP may act as  a surrogate marker of vascular brain damage in 

 hypertension. For example, research by Laskowitz and colleagues supported that BNP may distinguish 
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 ischemic stroke from stroke mimics with 72% sensitivity and 60% specificity  (Katsanos et al., 2017)  . 

 Similar values have been reported (  Foerch et al.,  2007; Kavalci et al., 2011; Laskowitz et al., 2009; 

 Katsanos et al., 2017)  . However, BNS is also known  to be elevated in patients with vascular comorbidity 

 and without explicit ‘stroke’ (  Reinhard et al., 2012;  Vilar-Bergua et al., 2016)  . Thus, the diagnostic  potential 

 of BNP in stroke is questionable. 

 IL-6, like other interleukins, is a cytokine molecule which modulates inflammatory activity. IL6 is known 

 to promote pro-inflammatory activity (Fassbender et al., 1994; Pantoni et al., 1998). Several studies have 

 investigated the use of IL6 in stroke diagnosis  (Waje-Andreassen  et al., 2005;  Perini et al., 2001;  Raimondo 

 et al., 2009;  Tuttolomondo et al., 2009;  Waje-Andreassen  et al., 2005)  . These investigations suggest that 

 average ranges of IL6 found in both stroke mimics and healthy controls range from 2–9 pg/mL, while 

 normal concentrations in stroke patients range from 2–21pg/mL, meaning there is much overlap between the 

 scores in these groups. Of interest, this review of the literature did not identify any studies that reported 

 specificity and sensitivity of IL-6 in stroke ischemic or hemorrhagic diagnosis. A confound in the measuring 

 of IL6, like BNP, is that IL6 is known to show elevation in patients with multiple comorbidities, limiting the 

 potential of IL6 in stroke diagnosis. 

 Lastly, CRP may provide benefits in stroke diagnosis. CRP is a protein found in blood plasma, whose 

 circulating concentrations rise in response to inflammation, and exacerbate pro-inflammatory and 

 pro-apoptotic-necrotic activity. CRP, like BNP and D-Dimer, has been used as a general marker for ischemic 

 stress in clinical care (Hochholzer et al., 2010). Several studies have investigated the use of CRP in stroke 

 diagnosis (e.g., An et al., 2013; Bustamante et al., 2017; Glickman et al., 2011; Kavalci et al., 2011; Sharma 

 et al., 2014). For example, Montaner and colleagues screened patient plasma samples for CRP within 24 

 hours of stroke, reporting 23% sensitivity and 80% specificity in distinguishing ischemic stroke from stroke 

 mimics  (Joan Montaner et al., 2012)  . Offering some  diagnostic promise, Meng and colleagues found that, 

 while not very sensitive, the presence of CRP at concentrations of >3 mg/L was 100% specific in 
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 distinguishing ischemic stroke from mimics  (Meng et al., 2011)  . Unfortunately, as with other markers, no 

 consensus exists regarding what concentration of CRP is of diagnostic utility, with publications ranging in 

 suggested values ranging from ~10  u  g/mL to 18mg/mL  (e.g., Demir et al., 2012; Kim et al., 2010). 

 (V) General Cytological and Hematological Markers, 

 Lastly, general markers may aid stroke diagnosis. For example, complete blood-cell counts are common in 

 clinical care, with the presence and/or frequency of certain cell types suggested to be associated with stroke 

 (Lee et al., 2001; Whiteley et al., 2008). One novel approach suggests white blood cells, referred to as 

 leukocytes, may be a means of predicting maladaptive recovery from tissue damage (Chen et al., 2015;  Guo 

 et al., 2016)  . In the context of stroke, it has been  suggested that the absolute and relative abundance of 

 leukocyte subtypes can serve as a prognostic indicator of injury to the brain and bodily. However, these 

 findings are far from diagnostic, as white-blood cell elevations occur in a variety of illnesses (Bonaventura 

 et al., 2016). 

 In the case of CSF, the presence of blood cells is a well known indication of neurological disease. As 

 hematological cells are not normally present in spinal fluids, the presence of leukocytes can serve as an 

 indication of traumatic injury, infection, or progressive deterioration of neural tissues. Presence of 

 leukocytes and erythrocytes may distinguish an ischemic from hemorrhagic lesion or other neurological 

 ailments. For intracerebral haemorrhage or hemorrhagic stroke, estimates suggest that 75% of the patients’ 

 CSF show the presence of blood. However, in the case of ischemic stroke, estimates suggest that ~2-30% of 

 patients will show increased levels of white blood cells in CSF-findings (Prakapenia et al., 2017; 

 Ramirez-Lassepas & Patrick 1992; Schulte Mecklenbeck et al., 2019). 
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 (VI) General Small-molecule DNA/RNA markers 

 Similarly, elevated circulating levels of DNA and RNA have been associated with acute-stroke, and 

 generally are associated with conditions that have a high risk of death. For instance, Rainer and colleagues 

 suggest that these markers have a 31% and 83% sensitivity and specificity, respectively, in stroke prognosis 

 (Rainer et al., 2006; Tieu et al., 2020;  Rainer et  al., 2007)  . Some researchers have suggested that  increased 

 concentrations of excitatory amino acids or neurotransmitters may aid diagnosis (Castillo et al., 1996); 

 however, more recent investigations do not support a significant association between neurotransmitter 

 concentrations in CSF and stroke (Brouns et al., 2010; Steliga et al., 2019). Similarly, neurotransmitter 

 concentrations are associated with hypertension, atherosclerosis, prior stroke, epilepsy, systemic lupus 

 erythematosus and encephalitis (Jickling & Frank, 2011). Thus, the specificity of small-molecule markers in 

 stroke has not been firmly established. 

 (VII) Summary of Established Biomarkers 

 Though many candidate biomarkers have been investigated, current research on protein biomarkers in 

 stroke is inconclusive. Indeed, several trials and meta-analyses have shown similar findings regarding the 

 specificity and sensitivity of blood biomarkers, with the consensus being that evidence is lacking 

 (Deboevere et al., 2019; Glushakova et al., 2016;  Peplow et al., 2020;  Wunderlich et al., 2004). Several  fluid 

 biomarkers have been consistently identified as feasible clinical candidates for identification and 

 differentiation of ischemic stroke, such as; D-Dimer, MMP9, MBP, NFL, Tau, s100B, GFAP, NSE, CRP, 

 BNP, IL-6, and general cytological measures. As of yet, no consensus exists regarding the utility of these 

 markers due to heterogeneity and inconsistency in the literature. Though used in multiple studies, a 

 commercialized panel referred to as the "Triage® Stroke Panel" has frequently shown inconclusive 

 diagnostic and prognostic ability within 6-24 hours of stroke (Bustamante, et al., 2017; Knauer et al., 2012). 

 Thus, the role of macromolecules as biomarkers of stroke in either the blood and/or CSF remains limited. To 
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 elucidate promising targets, panels of multiple macromolecules may hold greater promise as a novel 

 methodology for stroke identification, but none has appeared to demonstrate sufficient accuracy to be of 

 clinical use in identifying cerebral ischemia (Jickling & Sharp, 2015). 

 Additionally, there are a relatively limited number of studies investigating the use of fluid biomarkers in 

 hyper-acute stroke in addition to neuroimaging. Indeed, there is a paucity of research investigating 

 correlations and combined predictive ability of fluid biomarkers plus neuroimaging in hyper-acute stroke. 

 Wunderlich et al., (2004) found that the concentration of S100B and NSE increased in the plasma of patients 

 with ischemic stroke over time, and also that these biomarker concentrations showed a moderate 

 relationship with both larger infarct size on CT imaging (  r  = 0. 8), and worse functional outcomes at 90 days 

 (  r  = 0. 2). Petzold et al., showed a similar trend  regarding s100B concentration as related to infarct volume, 

 but with a lesser strength to the relationship (  r  = 0. 44;  Petzold et al., 2008)  . 

 Montaner and colleagues (2003) investigated stroke patients within the first 6 hours of onset, and the 

 relationship of Diffusion and Perfusion imaging against a panel of biomarkers. However, only MMP-9 

 showed a correlation with perfusion (r = 0. 34) and diffusion (r = 0. 67) imaging of stroke volume, with no 

 analysis regarding sensitivity or specificity. 

 Thus, there is general consensus that increased concentrations of biomarker levels should show a strong 

 association with radiological measures of infarct volume given enough time for the infarct to develop. The 

 general applicability of biomarkers in a clinical context, however, can not as of yet be supported by 

 evidence from neuroimaging. In general, the relationship of fluid biomarkers to neuroimaging is an area for 

 future research, and should determine whether biomarkers may be of significant diagnostic benefit in 

 settings where neuroimaging is not readily available, or where stroke-related injury is not well visualized. 
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 In summary, multiple forms of brain injury biomarkers exist as potential targets to use as clinical probes. 

 Fluid biomarkers, however, are limited by several factors in being a high-yield diagnostic marker for 

 ischemic stroke. For example, the diagnostic accuracy of biomarkers may be obscured by factors such as 

 comorbidity, the size and location of the lesion, and integrity of the blood–brain barrier. Small ischemic 

 lesions can produce large behavioural deficits that would not produce a sufficient biochemical signature 

 sufficient for chemical investigations. All these physiologic factors may restrict diffusion of biomarkers, and 

 limit signal detection. In addition to physiological factors, I  t is likely that multiple clinical factors  underlie 

 this observed variability, including: chosen patient populations; differences in concentrations arising from 

 plasma vs. serum vs CSF sample type; variation in time points of sampling, batch-to-batch variations of the 

 ELISA kits; varying laboratory equipment; and general human error. This variability results in reported 

 ‘normative’ ranges for candidate biomarkers being over 1000x different in concentration and units of 

 measurement (ng/mL  vs.  pg/mL,  e.g.,;  Kim et al., 2010  vs. González-García et al., 2012). 

 Primarily, the difficulty in the use of blood biomarkers, and confirmation of biomarker efficacy by 

 neuroimaging, is that sufficient biomarker concentrations are often not available at hyper-acute timepoints 

 relevant to treatment intervention (i.e., a biomarker of interest is not be as concentrated in blood obtained 

 from peripheral body locations). Indeed, multiple studies have reported a delayed release of biomarker 

 proteins, which require over a day to reach sufficiently measurable concentrations. Though biomarkers can 

 be investigated more directly in the CSF, which receives cellular degradation products more directly than 

 from the blood, CSF sampling presents a more high-risk invasive technique that is not practical for routine 

 use. Even if CSF sampling is utilized, many of the described biomarkers demonstrate age dependency for 

 the range of normal reference values (Maas & Furie 2009). Thus, normal concentrations of a biomarker in 

 one population may actually predict ischemia in another. 
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 Importantly, these markers are not disease specific. Though researchers agree with the concept that 

 biomarker levels would show a strong association with neuroimaging measures of stroke, biomarkers likely 

 do not yet present sufficient evidence to replace indication of stroke using neuroimaging. Though some 

 evidence proposes that panels of biomarkers can distinguish stroke sufferers from age matched 

 healthy-controls, such investigations fail to represent the clinical context in which stroke must be 

 differentiated from other neurological diseases in an emergency context. Indeed, almost never is an acute 

 care physician asked to determine if a normal, symptom-free individual is in the midst of having a stroke. 

 More research is therefore needed to evaluate the sensitivity and specificity of biomarkers in differentiating 

 stroke patients from those with stroke-like presentations. 

 Thus, despite considerable effort, and with the number of candidate biomarkers constantly increasing, an 

 effective clinical biomarker to aid in the diagnosis or prognosis of stroke remains unestablished. Many 

 encouraging biomarker candidates have been found that appear to match the known pathological cascades of 

 neurological injury after stroke, but fai to translate into clinical benefit in hyperacute stroke assessment. In 

 general, although statistical associations with stroke have been demonstrated with individual markers of 

 inflammation, glial activation, and neuronal injury, no marker yet demonstrates sufficient sensitivity, 

 specificity, rapidity, precision, and cost-effectiveness to be used in routine clinical care. The relationship of 

 fluid biomarkers to hyperacute stroke is an area for future research, and should continue evaluating whether 

 biomarkers may be of significant diagnostic benefit in settings where neuroimaging is not readily available. 
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 2.  Focal Cerebrovascular Ischemia Treatments are Assessed  in Preclinical Experimental Models 

 “Now it would be very remarkable if any system existing in the real world could be exactly 

 represented by any simple model. (...) there is no need to ask the question "Is the model true?". 

 If "truth" is to be the "whole truth" the answer must be "No". 

 The only question of interest is "Is the model illuminating and useful?".” 

 Box, G. (1979), 

 "Robustness in the strategy of scientific model building" 

 CHAPTER ABSTRACT; 

 Chapter two details the general history, policy, and rationale for animal models in the market approval of 

 pharmaceuticals and the purpose behind research investigations of stroke. This chapter allows the reader to 

 ask ‘what’ tools are used in the preclinical translation of pharmaceuticals intended for focal ischemic stroke 

 (Premise 2). In doing so, it allows the reader to understand essential information to formalise the research 

 problem (Premise 3). 
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 2.0 Chapter Summary 

 The following chapter aims to generally discuss the importance of pharmaceuticals in health care, the 

 importance of animal models in this process, and current challenges in the field. 

 Part  of the resounding economic and healthcare success  for drugs is that prescription pharmaceutical 

 drugs have become a core part of medical intervention. Essential to understanding how to novel therapeutics 

 potentially improve public health, are discussions regarding the process of pharmaceutical regulation and 

 approval in Canada  (Gov. Canada Health,  2001  ;  Gov.  Canada  CCOHTA, 1997;  Gov. Canada  PMPRB, 

 2020)  . Specifically, how pharmaceutical development  is closely tied to academic centres, but that 

 pharmaceutical development is an important but high-risk venture. It is likely that heterogeneous methods 

 and inconsistant laboratory practices prevent successful drug development. 

 In drug development, prospective pharmaceutical must show favorable clinical and experimental 

 evidence prior to market approval. Critical to this process are animal models. Any prospective 

 pharmaceutical must show safety through preclinical experimental toxicology research in animals. This 

 mandate is informed by a long-standing history of animal studies identifying essential knowledge of disease 

 pathology, and providing preliminary evaluation of safety and efficacy of compounds. Animal models allow 

 for a more financially, logistically, and ethically reasonable human simulation to evaluate clinical efficacy, 

 and can assist risk-mitigation in therapeutic development (  Rocca et al., 2018  ). An overview of various 

 animal species and related stroke models identifies general techniques used as evidence for new drug 

 applications. Though there are alternative models of focal ischemic stroke, such as cell culture and computer 

 simulations, the following chapter on in-vivo models of focal ischemic stroke, and presents an in-depth 

 review of biochemical, histological, and behavioural measures associated with rodent, large mammal, and 

 NHP models of stroke. 
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 The ability of the animal models to predict safety and efficacy  of stroke therapeutics  is controversial 

 (  Xiong et al., 2013  ;  Baillie & Rettie, 2011)  . Throughout  the 1990s, strong interest in translating stroke 

 therapies from animal models to hospital patients produced numerous clinical trials; however, critical 

 limitations of preclinical models and clinical trial designs led to extensive failure (  Carmichael, 2005)  . 

 Thousands of therapies reported as a success in experimental models of stroke failed in clinical trials 

 (  O'Collins et al., 2006)  , with instances of preclinical  compounds causing harm in human trials (  Labiche and 

 Grotta, 2004)  . Difficulty of experimental findings  failing to translate into clinical success is termed the 

 ‘translational gap’. Concerns have been raised by pharmaceutical companies (  Jolkkonen & Kwakkel, 2016)  , 

 academic researchers  (Schmidt-Pogoda et al., 2020)  ,  and animal rights activists  (Akhtar, 2015)  , who posit 

 extensive variability found in animal models results in a high false positive rate, which leads to frivolous 

 investment into compounds doomed for clinical failure. This comes at a great financial loss. 

 A possible solution to this ‘translational gap’ in stroke drug development is animal models that better 

 reflect human patients, such as non-human primates (NHPs) (  Lapchak et al., 2013  ;  Cook & Tymianski, 

 2012  ;  Sorby-Adams et al., 2018;  Bluemel et al., 2015)  .  The optimal species in pharmaco-toxicological 

 research is the Cynomolgus Macaque, chosen due to human-like similarity of immune activity (  Shen et  al., 

 2013)  , clotting factors (  Chen et al., 2009)  , vascular  anatomy (  Kumar et al., 2009)  , and neurological 

 functional mapping  (Pinsk et al., 2009)  .  All of these  factors make NHPs an ideal species  in neurological  and 

 toxicological research, and  ideal for testing drugs  being developed for use in humans  . However, Macaques 

 are not identical to humans. Too, the Cynomolgus model of stroke is not well characterised, with essential 

 data regarding the distributions of normal variance in the NHP stroke model lacking (  Lapchak, 2017  ; 

 Tymianski, 2017)  . To enable successful development  of Pharmaceuticals which support Health Care, points 

 of Guidance regarding best-practices are discussed, with the intent being to Standardise Pre-Clinical 

 Methodologies. 
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 2.1 Pharmaceutical Regulation & Approval in Canada 

 Following the Food and Drugs Act (CA-FDA) in 1920, and Canada’s Consumer Product Safety Act 

 (CCPSA)  any drug sold in Canada had to first demonstrate  consumer safety  (Gov. Canada, Food and drugs 

 act 2021; Canada consumer product safety act, 2020)  .  Beginning in 1951, drug manufacturers were required 

 to submit a file for each new drug prior to marketing their product  (Donohue, 2006; USA Office of the 

 CDER, 2020)  . However, during the early 1960s, as a  result of the problems caused by the drug thalidomide, 

 the Act was revisited to require additional evidence of efficacy and safety before it could be sold. This 

 process of ‘approval for sale’ proceeds through Health Canada's Drug Review Process (   Gov. Canada  Health, 

 2001) . Approval confirms that the drug addresses an ‘authentic medical condition’, and that the drug shows 

 ‘safety and efficacy’ ( USA  Office of the CDER, 2020  ) .  Receiving regulatory approvals requires evaluating 

 a novel drug by measuring  outcomes relating to endpoints  of interest  For example, an outcome of interest 

 for treatment of a malignant cancer would historically include mortality or pathological recurrence. In 

 neurological disease, the central nervous system is the target and functional disability is the pathological 

 manifestation. In stroke, the outcomes and evidence of efficacy would relate to behavioural and histological 

 improvements.  Prior to entering clinical trials, predictions  of ‘efficacy’ and ‘safety’ are contingent on 

 preclinical animal models  (Seyhan, 2019)  . Preclinical  models  i  n translational stroke research are thought  to 

 lend evidence to beneficial  outcomes of interest  by  possessing construct validity (meaning same 

 mechanisms) or predictive validity (meaning results reliably predict response in humans). However, the 

 specific requirements for approval to move from preclinical models to human patients are not specified in 

 Canadian policy. In the United States, the Federal Drug Administration (US-FDA) indicates that any new 

 therapeutic seeking approvals should have; 

 “(... approval requires establishing drug) effectiveness generally are designed with a maximum Type II 

 error of 20 percent (e.g., a minimum power of 80 percent)”  .  -  (Clinical review of INDs, FDA,  2013  ) 
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 Power is the probability of making a correct decision (to reject the null hypothesis) when the null 

 hypothesis is false. Hence, for approval by the US-FDA, one must demonstrate that a newly created 

 therapeutic has a demonstrated 80% probability of actually being effective.  Yet, the method by which  one 

 must demonstrate statistical power that a drug is probability effective is not specified. 

 Though extensive regulation exists for care of NHPs, there is a relative absence of guidance on 

 methodological and statistical requirements justifying their use in research. For example, the ARRIVE 

 guidelines advocate reporting confounding factors and improving animal welfare to improve consistency 

 across stroke research groups (  NC3Rs, 2015  ,  Kilkenny  et al., 2010)  . Though important, these documents 

 have little to no comment regarding experimental design; such as  use of neuroimaging to confirm ischemia 

 or use of long-term outcome measurements. This is surprising. Use of animals and specifically NHPs is at 

 times mandated in biomedical research (e.g., EMA;  Prior et al., 2020)  , but there is little guidance  from 

 government regulators regarding what methods or tests should be performed to meet 80% statistical power. 

 Indeed, little to no documentation exists from government regulators, such as the EMA nor US-FDA on 

 preclinical stroke- specific guidelines at the time of writing. The most specific information regarding 

 biopharmaceuticals evaluation identified was provided by International Council for Harmonisation (ICH) 

 which suggest preclinical assessments include: 

 “  For example, (studies should use) a functional observation  battery (FOB) (3), modified Irwin’s (4), 

 or other appropriate test (5)  .” (ICH 7A, 2000;  EMA,  2018)  . 

 Unfortunately, none of these measures is particularly sensitive nor reliable for deficits seen in stroke 

 models, and are not used by stroke researchers (with sections 2.3 and 2.5.3 describing common practices). 

 This is an important issue. How can a preclinical study of a new stroke therapeutic demonstrate 

 effectiveness by showing 80% statistical power, when the test is unknown. 
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 2.2 Pharmaceutical Development Is a High-Risk Venture 

 There appears little standardization of outcome measures in stroke research, and criticism of a lack for 

 reproducibility. This low reproducibility is concerning, as it is considered the major contributing factor to 

 unsuccessful drug development (  STAIR  , 1999;  Fisher  et al.,  2003,  2009;  Yarborough et al., 2018)  .  Indeed, 

 according to a 2015 report by the Pharmaceutical Research and Manufacturers of America,  for all diseases, 

 only 10% of agents that enter phase 1 trials result in a clinically used drug  (Takebe et al., 2018; Hay  et al., 

 2014)  . Worse yet,  success rates for translation in  neuropathological disease are negligible at best and 

 non-existent at worst  (Yarborough et al., 2018  ;  Sena  et al., 2010; van der Worp et al., 2010)  .  Indeed,  stroke 

 has been called the ‘poster-child’ for failed drug development (  Akhtar, 2015)  . These failures exact  a heavy 

 toll on trial volunteers, the research enterprise, and health care systems via higher drug prices. 

 Due to high rates of failures, pharmaceutical development, particularly for biologic compounds, is a 

 lengthy and expensive process.  Developing a drug is  extremely costly,  with p  harmaceutical R&D averaging 

 13 years  (Collins, 2011)  , at a cost of 1.5 billion  ($USD) per new chemical entity (NCE;  DiMasi et al.,  2016)  . 

 Because of the high costs and high failure rates, developers typically follow a linear sequence of steps, 

 with multiple pauses for data analysis to minimize financial risk, such as use of animals to model human 

 patients  .  Though the COVID-19 pandemic may have changed  the timeline of drug development, and timing 

 of implementation of animal models, the risk-to-benefit ratio was drastically different. Whether this novel 

 process continues is at present uncertain. In general, improving the process of drug development may be 

 fulfilled through more robust methodology, more accurate outcome measures, and more accurate animal 

 models of the disease. However, what are common animal models for stroke research? 
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 2.3 Experimental In-Vivo Models of Stroke In Drug Development 

 The use of model organisms in biological research is based on the concept ‘unity in biology’, illustrated 

 famously in the aphorism, “Anything found to be true of  E. coli  must also be true of elephants”  (Perlman, 

 2016)  .  Historically, animal models have allowed evaluation  of human-like pathology in a relatively fast and 

 reproducible manner, as it is often not ethically sound to study stroke in humans in a manner that reveals the 

 molecular mechanisms that control the severity of the damage. Animal research allowed exploration and 

 characterization of disease pathophysiology; from discovery of targets and biomarkers; mechanism of action 

 for existing drugs; establishment of pharmacodynamic - pharmacokinetic relationships; and estimation for 

 clinical dosing to delineate safety from toxicity (  Koroshetz & Moskowitz, 1996; CDER, 2010  ;  Boltze et  al., 

 2016)  . As such, injury to animals is justified by  the potential to save human lives and pharmaceutical 

 liability by reducing risk. Choosing a model demands consideration of reproducibility, cost, how the model 

 represents patients, and likelihood that findings will translate into clinical applications. 

 The key assumption of these models is that they act as a surrogate for representing the disease in humans, 

 and data obtained establishes reasonable evidence of treatment efficacy in humans by inference. However, 

 over time, species evolved in and became adapted to very different environments, resulting in greater 

 differences in their biology when greater periods of time are found between species. Thus, more 

 evolutionarily and genetically similar animals to humans should share more similar biological traits and be a 

 better approximation to human pathology. The evolutionary similarities of these various animal models can 

 be illustrated in a phyloditrogram, with an example shown in Figure 15. Here, the most common animal 

 organisms used in modeling stroke are shown, from rodents to large domesticated animals and primates, are 

 visualized by the last common ancestor. 
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 The most evolutionarily similar species to humans used in drug development are old-world primates. 

 Indeed, looking at the size and complexity of the vasculature of the brain across these species, it is 

 immediately understandable that the more evolutionarily similar a species is, the more similar there is in 

 brain size and brain structure, as described in Figure 16. Though studies investigating stroke treatment have 

 relied on several species of animal, there are common themes in how each species is used to model human 

 stroke. 

 A variety of methods simulate MCA-LVO by experimental MCAO occlusion (MCAO) in animals (e.g., 

 see  Poindron & Piguet, 2008  ;  Tajiri et al., 2013  ;  and others). The numerous methods of modeling stroke in 

 animals can be simplified into eight categories, with an idealized model of the circle of willis and these 

 eight techniques of MCAO illustrated on Figure 17. For example, surgical craniectomy or craniotomy 

 methods can be used to access the MCA, and simulate occlude the MCA by tying off, clipping, or 

 electrocoagulation of the vessel. These methods can induce a transient MCAO (tMCAO) or permanent 

 (pMCAO) depending on if the experimenter eventually removes the occlusive device. Endovascular 

 methods requiring minimal incision are also available, and can induce t/pMCAO by microcoils, balloon 

 catheters, silicone ligatures, or thromboemboli. Of interest, some techniques can be used to model specific 

 sub-types of MCAO. For example, photothrombosis may more accurately reflect ischemic infarction 

 brought on by vasospasm, and endovascular injection of thrombi or polystyrene microspheres may better 

 reflect small vessel diseases and microthrombosis. 

 However, as will be discussed in the subsequent chapter, differences between animal models brain 

 anatomy, functionality, and pathology in ischemic-reperfusion (I/R) injury likely confounded translation to 

 human patients. The following sections provide a brief introduction to benefits and limitations of frequently 

 used preclinical in-vivo animal stroke models by species. 
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 FIGURE 15.  Phylogenetic dendrogram of common animal model species versus Humans 

 The last common ancestor for all mammalian species was approximately 100 million years ago on the far 

 left, and the greater evolutionary similarity between species is illustrated by having a common branch more 

 towards the right, As such, humans and Apes have a common ancestor 10 mill years ago, while Humans and 

 old-world monkeys are related by 30 mill years. Moving further away from human similarity are new-world 

 monkeys, being distant by 42 mill years. Even more evolutionarily distant, but still very similar are rodents 

 by 89 mill years and other large mammals by 91 mill years. Based on  Cramer & Nudo, 2014, page 68  . 

 Figure by Harrison, 2020 
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 FIGURE 16.  Comparison of humans and animal Species used in experimental stroke research 

 Top row illustrates brain and body size, at the same scale. Next, vascular patterns of the circle of willis, 

 being the primary supply of blood to the brain and MCA, are shown across species, and rescaled to a 

 common space. Third, general characteristics and data on each species compared to humans is presented. 

 (based on work by Kaiser & West, 2020 & Sorby-Adams; Vink, Turner, 2018;  Kapoor et al., 2003  . 

 Figure by Harrison, 2022 
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 FIGURE 17.  Illustration of Various Methods of Experimental MCAO in animal stroke models 

 An Illustration of an idealized circle of willis, and eight various methods for occluding a vessel to 

 simulate stroke. These are generally grouped as surgical techniques, requiring a craniectomy or craniotomy, 

 or endovascular techniques. Here, ‘P” stands for permanent occlusion, and “T” for transient occlusion. Of 

 note, though the illustration shows occlusions in various locations of the circle of willis, this is only for 

 illustrative purposes. Apart from variability seen in certain techniques, such as less precision in 

 microembolic and unguided techniques, the MCA M1, M2 or M3 region are the most common location of 

 occlusion to model stroke. (based on work by Kaiser & West, 2020 & Sorby-Adams; Vink, Turner, 2018). 

 Figure by Harrison, 2022 
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 2.4 Rodent Models Of Stroke 

 Rodendentia is the general phylogenetic order for which encompasses Mice, Gerbils, and Rats. All rodents 

 have lissencephalic brains, meaning that they lack cortical folding seen in humans and other species (  Sun & 

 Hevner, 2014)  . Rats and mice, referred to as Murines,  are the most common animals utilized in biomedical 

 research, with an estimated 1,600,000 rodents used in Canadian research annually  (CCAC, 2019  ). Rodents 

 are also the most common basic-science tool in stroke research, with the rat being the most used species for 

 the investigation of the pathophysiology of stroke. R  odent models offer many advantages, including; low 

 cost, well-characterised physiological responses, and the ability to investigate genetic manipulations and 

 co-morbidities (e.g., diabetes, hypertension, gene-knockouts).  The following reviews common practices of 

 rodent models and benefits of these models, while section 2.6 discusses challenges in using rodents for 

 stroke research. 

 Given the prevalence of ischemic stroke in humans, a number of rodent ischemic stroke models have been 

 developed, with excellent reviews by (Charmichael, 2005;  O’Collin’s et al., 2006;  Ingberg et al., 2016; 

 Ström et al., 2013)  .  Various sub-species can be used  for experiments, including Fischer, Norway,  Wistar  , 

 Sprague- Dawley, Spontaniously Hypertensive, and Obese strains. Similar to other species,  modeling stroke 

 in rodents can include pMCAO (e.g., Tamura et al., 1981) or tMCAO (e.g.,  Nakayama et al., 1988)  via 

 endovascular (e.g.,  Kiozumi et al., 1986  ) or surgical  models (e.g., Tamura et al., 1981). However, 

 endovascular techniques predominate, due to microsurgical difficulties performing neurosurgery on a 

 rodent.  The rat stroke model by intraluminal occlusion  was one of the first widely employed, with these 

 publications cited over 15,000 times (Longa et al., 1989;  data from Google Scholar, 2022  ). 

 In general, a benefit of these rodent models, specifically rats, is that it is easier to occlude the MCA under 

 controlled physiological parameters and to undertake behavioural and neuroimaging examinations due to 

 their larger size and gentler temperament than other rodents, but smaller size and lesser expense than larger 
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 animals. In the rat MCAO model, the flow threshold for ischemic changes has been determined as 15 

 mL/100 g/min  (Astrup et al., 1981; Harris & Symon  1984)  . Mies et al., showed that electrophysiological 

 inhibition due to ischemia begins at CBF values around 55 mL/100 g/min and becomes complete at 35 

 mL/100 g/min  (Mies et al., 1984)  , and Jacewicz et  al., found that inhibition of protein synthesis began at 50 

 to 80 mL/100 g/min and became minimal at 40 mL/100 g/min  (Jacewicz et al., 1986)  These experiments 

 support the concept of perfusion thresholds (section 1.6). 

 Due to their common employment in basic science research, numerous behavioural testing methods are 

 available in Rodents. In general, post-stroke behavioural testing often focuses on sensory-motor 

 abnormalities, but tests also are available for evaluating rodent memory, anxiety, and anhedonia. Good 

 behavioural indicators of stroke in rodents include circling gait, forelimb flexion, and altered consciousness. 

 Extensive reviews exist regarding rodent behaviour post-MCAO (e.g.,  Ruan & Yao, 2020;  Schaar et al., 

 2010)  . One of the most commonly used is the Bederson  score; developed in 1986, with several 

 modifications documented in the literature. Other common composite scores include the ‘Garcia scale’ 

 (  Garcia et al., 1995  ) and ‘neurological severity score’  (e.g., Eliash, et al., 2001). General rodent behavioural 

 tests can also be used, such as Open Field Test, Pole Test, Cylinder Test, Adhesive Removal Test, and many 

 others. However, the reliability of these tests have been stated as dependent on ‘personal experience of the 

 experimenter’  (Dirnagl, 2016)  , and overall utility  questionable. 

 As will be discussed in section 2.6, rodents likely possess differences which alter how they respond to 

 stroke, and have been criticized for being a cause for failures in pre-clinical translation of therapeutics to 

 human patients. 
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 2.4.1 Large Mammal Models of Stroke 

 Large animal models can be generally divided into three separate orders: Cetartiodactyla: including 

 whales, dolphins, sheep and pigs; Carnivoria, for cats and dogs; and Simiiformes, for Apes, Monkeys, and 

 Humans  (Cramer & Nudo, 2014, page 68;  Shimamura et  al., 1997)  . For Cetartiodactyla and Carnivoria, 

 though phylogenetically more distant to humans than Rodents, they are often phenotypically more similar to 

 humans in several respects such as overall size , brain weight, brain composition, cerebral blood flow, and 

 haematological activity. Large animal models are significantly less common in research, with approximately 

 60,000 of these animals are used in research yearly (CCAC, 2019).  Similar to rodents, a number of 

 large-animal ischemic stroke models have been developed. Reviews of middle cerebral artery occlusion 

 models in Pigs  (Melià-Sorolla et al., 2020)  , Sheep  (Murray & Mitchell, 2022)  dogs  (Kaiser & West, 2020  ), 

 and cats (  Sorby-Adams et al., 2018  ) are available.  In general, large animal methods commonly utilize 

 transcranial approaches for stroke induction. 

 However, there are caveats of larger animal models. Firstly, they are studied less frequently. There is less 

 data on these models, and at the time of writing no scoping review of the literature to determine if variations 

 regarding subspecies, technique, or other factors may have in each respective species. Of interest, while 

 there exist comparative studies between human and rodents (e.g.,  Martínez-Sánchez et al., 2014  ;  Du et  al., 

 2017;  Nguyen et al., 2016;  see section 2.6)  , such  experiments are rare or non- existent for large-animal 

 models of stroke. Other caveats in these models are due to method of MCAO induction. For example, 

 though surgical techniques have the benefit of minimising pathological ICP post-stroke, this presents 

 caveats from a disturbed endocranium such as loss of CSF and possibility for hematomas or hemorrhage; 

 similar to ~12% patients that undergo decompressive craniotomies following stroke (  Jeon et al., 2014  ). 

 Other  limitations of large animal models include cost  of housing facilities, veterinary care, and ethical 

 challenges, all of which limit their use in research. 
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 2.5 NHP models of stroke 

 Due to difficulties translating results from rodent models to human treatment of stroke, the preferred 

 model of study are NHPs (  Sorby-Adams et al., 2018)  with the evolutionary similarity of these species likely 

 allowing greater inferential ability to clinical populations(Jones et al., 1981; Cook et al., 2012a). Benefits of 

 NHP models of stroke include greater homology of brian tissues, localization of behavioural functions, 

 vascular anatomy, and ischemic pathophysiology. Indeed, the relationship of brain size to body weight is 

 well conserved across primates (Figure 18;  Isler et  al., 2008  ), including the ratio of gray matter to  white 

 matter and functional specialisation of cortical areas by parcellation  (Donahue et al., 2018)  . Primate-specific 

 cortical composition and metabolic requirements are similar to humans, and are higher than other 

 mammalian species, possibly due to unique cellular subtypes of hilar and striatal neurons present in 

 primates, but not other species (  Herculano-Houzel  ,  2009;  2011  ;  Dehay & Kennedy, 2007)  . Primate 

 Species-specific cortical structures likely confer differential neuronal susceptibility to ischemia. The 

 vascular supply from the internal carotid and vertebral arteries in NHPs are most similar to those in humans 

 (  Wu et al., 2016)  , though additional collateralization  of the anterior cerebral arteries seen in lissencephalic 

 monkeys and the  Papio  subspecies (  Fukuda & del Zoppo,  2003)  . For example, NHPs models exhibit 

 cerebrovascular reactions seen in human stroke, but not other animal models (  Wu et al., 2016)  . 

 These similarities have allowed NHPs to be central in developing concepts valued in stroke research, such 

 as the "ischemic penumbra," cellular inflammation, infarction and cicatrix (scarring), and process of 

 behavioral seleque and recovery post-stroke (e.g., Evans, 1937; Astrup et al., 1981; Branston et al., 1974, 

 1976;  Del Zoppo et al.1986; 1990; 1991; 2010; 2009,  2011; Garcia et al., 1971, 1983a,b; 195b;). In coming 

 to these discoveries, several Non-Human Primate (NHP) models of stroke have been developed, but can 

 generally be categorized surgical or endovascular, similar to Figure 17. Variants of these methods and the 

 date of their first implementation in NHPs are shown on Figure 19. 
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 Despite the translational potential of primate models, there are a number of important practical and 

 scientific disadvantages that have limited the use of these models. A practical limitation is that NHPs are 

 large, expensive, and difficult to acquire. Regarding scientific and methodological disadvantages, primates 

 are not humans, and have differences which complicate their use as an animal model of stroke. For example, 

 Baboons, and other old-world species, commonly exhibit a network of arteries that communicate between 

 the bilateral anterior cerebral arteries (ACAs) rather than the single vessel found in humans, which may 

 influence Circle of Willis collateralization (  Kapoor  et al., 2003  ; Sorby-Adams et al., 2018). Too, some  NHP 

 species demonstrate complete anterior communicating artery (ACoA) hypoplasia, which may result in poor 

 outcomes due to decreased cerebral blood flow (Sorby-Adams et al., 2018). 

 Some permanent and transient occlusion methods require enucleation for transorbital access to the MCA 

 and the ACA, thus limiting neuro- behavioral assessments due to binocular vision loss (  Nehls et al., 1987; 

 Tagaya et al., 1997; Mack et al., 2003;  (D'Ambrosio  et al., 2004)  . For endovascular induction methods, 

 unreliable anterior circulation stroke patterns have been observed following MCAO (Kito et al., 2001; 

 (Kuge et al., 2001;  de Crespigny et al., 2005;  Wu  et al., 2016). This is particularly a challenge in autologous 

 blood clot models, where placement and duration of occlusion is difficult to control. Too, use of metals, 

 such as in clip occlusion or microcatheters utilising metal coils or guide wires, may distort signals from 

 MRI. 

 Regardless of the challenges conferred from NHP models, it has been hypothesized that Non-human 

 primate models of focal cerebral ischemia are the best pre-clinical model for the investigation of ischemic 

 stroke pathology. Numerous species are considered as ‘non-human primates’, with some of the most 

 common species of NHP used in stroke research shown in Figure 20. The following discusses these various 

 species and methods of modeling stroke. 
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 FIGURE 18.  Relationship Between Brain Size and Body Weight in Primates 

 Relationship of brain size to body weight is well conserved across primates, including the ratio of gray 

 matter to white matter and functional specialisation of cortical areas by parcellation  (Donahue et al.,  2018) 

 Note that there exists a near linear relationship, though Humans do show slightly larger brains compared to 

 body size. This is beneficial for translational research, as it would be assumed that the MCA territory across 

 NHPS is similar to humans. Based on  Isler et al.,  2008  .  Figure by Harrison, 2022 
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 FIGURE 19.  Illustration of Common MCAO methods in NHPS, Two General Techniques 

 In coming to these discoveries, several Non-Human Primate (NHP) models of stroke have been 
 developed, similar to Figure 17. However, All methods can generally be categorized as surgical or 
 endovascular. This illustration shows surgical approaches to the MCA in macaques, variants of these 
 methods, and the date of their first implementation. Of interest, transnasal or transsphenoidal approaches 
 have not been mentioned in the literature, though a theoretical route of surgical approach. For reviews see; 
 Del Zoppo et al., 1986; Fukuda & Del Zoppo 2003; West et al., 2009; Cook et al., 2012a, 2017;  Tajiri et  al., 
 2013)  Figure by Harrison, 2022 
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 2.5.1 New world monkeys 

 Two main primate species can be considered for ischemic research; these are generally separated as New 

 World species, being lissencephalic, and Old World species, being gyrencephalic (  Zhang et al., 2015;  Cook 

 & Tymianski, 2012)  . Additionally, NHP-MCAO models  can utilize a variety of methods to induce ischemia, 

 generally separated into neurosurgical or endovascular. Behavioural deficits from MCAO, can be evaluated 

 by numerous techniques, including categorical, scalar, and continuous methodologies. The following section 

 briefly discusses these various NHP species, employed surgical techniques, and post-stroke outcome 

 measures. 

 Lissencephalic NHP species common in stroke research include the marmoset  (Callithrix)  and the squirrel 

 monkey  (Saimiri).  New World primates constitute the  minority of available publications on NHP MCAO, 

 with literature search identifying 52 publications using Callithrix, or Saimiri monkeys with MCAO methods 

 (see chapter 3 for details). A benefit of New World primates (e.g., marmosets) is that nearly 100% of those 

 used for experimentation are captive bred; often at F 4/5 generation. With 72 academic institutions 

 responding to a survey on NHP use, only 4 used wild-caught animals. (SCHER, 2009, EMA, 2018). Such 

 purpose-bred animals may facilitate more accurate, reliable, and reproducible data due to genetic similarity. 

 Additionally, lissencephalic species are advantageous in studies requiring consistent, focal strokes, as 

 functional mapping on the lissencephalic cortex is both less challenging and more consistent in motor, 

 sensory, and visual regions of the cortical surface (Cook, 2016). 

 Marmoset Monkey; Of new-world primates, Marmosets, (  Callithrix jacchus  ), are one of the most common 

 species in research. Callithrix is a genus of New World monkeys of the family Callitrichidae, the family 

 containing marmosets and tamarins, with the name translating to ‘beautiful fur’. Of the 16 publications on 

 Marmoset MCAO, the method employed was almost exclusively endovascular. Marmosets, being similar in 
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 size to rats, thus are well suited to the surgical technique employed in rodent models (Freret, et al., 2008; 

 (Bihel et al., 2010;  Bihel,et al., 2011; Hara, et  al., 2011; Lipsanen, et al., 2013). However, 10 publications 

 were found to use craniectomy models, often employing a permanent electrocautery method (Marshall, & 

 Ridley, 1996; Marshall et al., 1999; 2000a; 2000b; 2001; 2003a 2003b 2003c; Virley, et al., 2004; Eslamboli 

 et al., 2006). Of interest, due to their small size and thin cranium, photothrombosis methods have also been 

 employed, though their mechanism of pathogenesis may be more reflective of cerebral small vessel disease 

 (Milkowski et al., 1994). 

 Squirrel Monkey; Other New World monkeys used as a NHP model of stroke are Squirrel monkeys of the 

 genus  Saimiri  , which literally translates to ‘small  monkey’. There are two main groups of squirrel monkeys 

 recognized, with ‘common squirrel monkey’ frequent in medical research. Indeed, scoping review of 

 Squirrel monkey models of MCAO identified 32 publications, of which open cranium methods were 

 identified in 30 publications, the majority of which were transorbital (Waltz, & Sundt, 1967 Sundt, Grant, & 

 Garcia 1969; Garcia, Hudgins, Cox, 1970; Hudgins & Garcia 1970; Michenfelder & Sundt 1971; Sundt, & 

 Michenfelder, 1971; Sundt, & Waltz 1971; Bullock, Moossy, 1972; Sundt, & Michenfelder, 1972; 

 Michenfelder & Sundt, 1973; Garcia & Kamijyo, 1974; Little, Kerr, & Sundt, 1974; Little, Sundt, Kerr, 

 1974; Anderson, Sundt 1975; Dodson, et al., 1975; Hanson, Anderson, & Sundt, 1975; Sundt & Anderson, 

 1975a; 1975b; Little, 1976; Little, & Kerr, Sundt, 1976; Sharbrough, et al., 1976; Sundt & Anderson, 1976; 

 Dodson, Tagashira, Chu, 1976; Sundt,; Anderson, Sharbrough, 1977; Sundt, Anderson, & Michenfelder, 

 1979; Marsh, Anderson,; Sundt, 1986 Lenz, et al., 1987; Auer, et al., 1996 Kaku, et al., 1998; Kaku, et al., 

 M 1999; Strong, et al., 2000; Maeda, et al., 2005). 
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 FIGURE 20.  Dendrogram and characteristics of NHPs used in modelling stroke 

 Numerous species are considered as ‘non-human primates’, and many species of NHP have been used in 

 in stroke research. NHPs can generally be classified as ‘Old World’ and ‘New World’ primates. This 

 illustration depicts the most common species of NHP used. Lines indicate the evolutionary proximity of 

 these species to humans, similar to Figure 15. Numbers (N) on the right relate to the individual proportion of 

 each species identified in literature analysis, presented in Chapter 5.  Figure by Harrison, 2022 
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 2.5.2 Old world monkeys 

 B  ecause of shared mechanisms of embryogenesis and  corticogenesis, gyrencephalic primate species are 

 preferable for study of human stroke. These animals are considered much more representative of how 

 human brains react during ischemic stroke. This is best seen in the genus  Macca,  specifically in cynomolgus 

 (Fascicularis),  and rhesus  (Mulatta)  macaques (e.g.,  Wu et al., 2016, Fukuda & del Zoppo, 2003, Cook & 

 Tymanski, 2012); though past studies included the more distant baboon  (Papio;  e.g., Crowell et al.,  1970; 

 Del Zoppo et al., 1986). Macaque brains have similar vascular innervation, functional organisation, species 

 specific cerebral cell-types, and grey-white matter ratios seen in the human central nervous system (CNS). 

 Grey-white matter ratios also play a role, as research suggests dysfunction caused by MCA infarction is 

 more correlated to disruption of white matter than grey matter (e.g., Fan et al., 2017; Bihel et al., 2011; 

 Rosso et al., 2011). 

 Old World primates constitute the majority of available publications on NHP MCAO, with a literature 

 search identifying 304 manuscripts noting MCAO methods in Chloroboros, Macca, or Papino monkeys (see 

 chapter 3 for details). However, they present challenges due to their size, temperament, and anatomical 

 mapping of functional deficits. Specifically, in gyrencephalic species, cortical localization of behavioural 

 functions are more varied, and often hidden with sulci. Of old-world monkeys used for experimentation, 

 they are almost exclusively captive bred, with estimates suggesting 95% of animals being F1s generations. 

 This is related to difficulties of in-breeding, decreased birth rate, poor mothering, a higher incidence of 

 reduced birth weight, and diabetes in the off-spring (ILAR conference, 2008). However, old-world primates 

 are not popular among research institutions, due to ethical concerns and methodological concerns regarding 

 data integrity, higher costs of housing, and variability relative to purpose bred animals (see SCHER, 2009; 

 ETS 123 Council of Europe, 2007) 
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 Numerous methods of inducing MCAO in the old-world primates have been developed (Figure17, Figure 

 19). Regarding surgical induction, craniotomy neurosurgical approaches offer larger and more reliable 

 stroke induction volumes and favourable mortality, approximately 15± 5 of the total brain and ~10 mortality 

 (e.g., Spetzler et al., 1980; Spetzler et al., 1979; Fan et al., 2017), whereas endovascular approaches 

 minimise operative trauma, but have reduced stroke volume with greater distribution variability and higher 

 mortality; with stroke volumes approximately 3.5± 2 of the brain volume (Zhang et al., 2016; Tang et al., 

 2012), and average 50% mortality (Wu et al., 2016; Zhang et al., 2015). 

 Green Monkey; An infrequent but notable species in NHP MCAO are "vervet" or "African green" 

 monkeys. Chlorocebus is a genus of medium-sized primates from the family of Old World monkeys. 

 Specifically, the terms "vervet monkey" and "green monkey" refer more precisely to species Chlorocebus 

 pygerythrus and Chlorocebus sabaeus, respectively. Four publications were identified as using Chlorocebus 

 MCAO, all of which used craniectomy or craniotomy techniques (Ishikawa et al., 1965; Sasaki, et al., 2009; 

 Sasaki, et al., 2011; Mcentire et al., 2016). However, african greens have been used in focal cortical 

 lesioning investigations and other neurodegenerative disease models (e.g., Campos-Romo et al., 2009). 

 Baboons; An additional species relevant to NHP MCAO is the Baboon, which composes the genus  Papio  . 

 There are six species of baboon: the hamadryas baboon, the Guinea baboon, the olive baboon, the yellow 

 baboon, the Kinda baboon and the Chacma baboon (all of which are not to be confused with Mandrills). 

 Baboons are among the largest non-hominoid primates, ranging in size from 50 cm and 14 kg in the Kinda 

 baboon, up to 120 cm and 40 kg in the Chacma baboon. Over 70 publications on MCAO in baboons were 

 identified (Table 7), though the popularity of this species has diminished significantly over the last 15 years. 

 For 20 years, the primary NHP stroke model was the baboon permanent middle cerebral artery occlusion 

 (MCAO) model (Spetzler et al., 1983;  Nehls et al.,  1987)  . Indeed, some of the first experimental NHP 
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 MCAO occurred within baboons, or a combination of baboons and squirrel monkeys (e.g., McMurrey et al., 

 1956; Symon 1972; Dodson et al., 1974;  Hoff et al.,  1975)  The first MCAO neuroimaging investigations 

 were documented in baboon species (Spetzler et al., 1983). This model resulted in key stroke hallmarks such 

 as ischemia, classical cytotoxic edema and lesioning of the brain. However, this model has been said to 

 produce marked cerebral edema, requiring prolonged intensive care of the animal and high risk of mortality, 

 making it a challenging model to study (  Nehls et al.,  1987;  Huang et al., 2000; D’Ambrosio et al., 2004).  As 

 a result, transient NHP models were developed in order to gain a better understanding of secondary 

 reperfusion injury and successive microvasculature failure. Del Zoppo et al., (1986) describes a balloon 

 transorbital reperfusion baboon model with increasing cortical lesion volumes observed between 10 days 

 (3.2 ± 1.5 cm3) and 14 days (3.9 ± 1.9 cm3) post-stroke with functional deficits including contralateral 

 hemiparesis, facial paresis, and mydriasis of variable degrees due to internal capsule, putamen, and caudate 

 nucleus involvement. In addition, microvascular clip reperfusion baboon models exhibit lesion volumes 

 (30% of the ipsilateral hemisphere) and progressive temporal evolution similar to humans as assessed by 

 MRI diffusion weighted imaging (DWI) and T2 Weighted (T2W) structural sequences (Huang et al., 2000; 

 D’Ambrosio et al., 2004; Giffard et al., 2005). 
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 TABLE 6.  TABLE 6a; Publications on Baboon MCAO 
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 TABLE 6b; Publications on Baboon MCAO 
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 Macaque Monkeys; Last to be discussed are the cynomolgus (Macaca fascicularis) and rhesus (Macaca 

 mulatta) monkeys. There are multiple subspecies of macaques, an estimated 30 of which all are native to 

 regions in South, Central, and Southeast Asia. Macaques are said to have the widest geographic range of all 

 non-human primates. On note, nomenclature of macaca strains is imperfect, with examples including M. 

 fascicularis, M. irus, and M. radiata species commonly confused. The cynomolgus macaque tends to be the 

 most widely used species in biomedical research, but rhesus is common because of available background 

 data. First described by Petersen and Evans in 1937 at the Montreal Neurological institute, macaque 

 primates have been critical in current clinical understanding of stroke pathology (e.g., Peterson & Evans, 

 1937; Evans, 1937; Harvey & Rasmussen, 1951; Astrup et al., 1981) The NHP-MCAo procedure became 

 widespread following pioneering work by Garcia and Symon (e.g., Symon, 1970; Symon et al., 1975; 

 Astrup et al., 1981; Garcia, & Kamijyo,1979). There are far too many publications on macaque MCAO to 

 cover adequately in this section, so I direct the reader to Chapter 5 for literature review, and the bibliography 

 for further reading. 
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 2.5.3 NHP Behaviour Assessments 

 Though there are reviews regarding rodent behavioural measures (e.g., Schaar et al., 2010; Strom et al., 

 2013; Carmichael 2005; Balkaya et al., 2013; Wen et al., 2017; discussed in section 2.4), little literature 

 exists reviewing neurological evaluation in primate stroke models. Behavioural assessments provide a proxy 

 of neurophysiological processes, and an opportunity to monitor interventional approaches by observing 

 functional improvements over time. Though histological measures of tissue injury correlate well with 

 behavioural impairment, such a method can fail in detecting subtle forms of neuronal death and dysfunction 

 relevant to patients (Baron et al., 2014). Behavioural measures are the usually employed method in human 

 stroke patients (see section 1.4). Thus, assessments of behaviour in tandem with assessments of tissue injury 

 provide researchers a way to objectively correlate identified structural damage with associated functional 

 impairments in primate models. Evaluation of behaviour provides a difficult domain to assess, as it is 

 difficult to know which behaviours to evaluate, and how to operationalize. Post-stroke impairments include 

 an array of deficits; such as sensory-motor function, social interactions, anxiety and depressive behaviours, 

 substance dependence, and cognitive function. 

 A variety of functional tests have been used in modelling neurological disease and in NCE evaluation. 

 Behavioural assessment paradigms reflect different solutions and trade-offs in measuring behaviour. Some 

 methods require no training, materials, and only a primate's homecage, while others require years of 

 pre-training to a stable baseline, expensive equipment, and dedicated behavioural testing suites. Short rating 

 systems allow rapid neurological examination with grading scales for each symptom. Conversely, 

 sophisticated, quantitative, unsupervised, and objective tests are a more precise but expensive tool in 

 primate neurological assessment. In general, pre-training should occur in any evaluation to reduce the 

 possibility of confounds from stress. 
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 Selection of appropriate functional assessments should be sensitive enough to detect an array of 

 impairments prior to, and following, stroke. An optimal neurological evaluation should include 

 measurement of kinetics, sensation, proprioception, cognition, and personality.NHPs can be trained and 

 evaluated through standardised tests similar to tests performed in human stroke patients; allowing for 

 assessment of cognitive, motor, and sensory deficits (Roitberg et al., 2003; Cook & Tymianski, 2012; Cook 

 et al., 2012a). Indeed, many of the tests discussed in the following section reflect those used in human 

 cohorts (as discussed in section 1.4). 

 Unfortunately, not all functional domains are shared between humans and primates. Aphasia, alexia, 

 agraphia frequently occur in left hemispheric stroke patients. Little parallel can be found in any mammal 

 species, as human language is a unique phenomena (Ghika et al., 2001). Additionally, cooperation of NHP 

 subjects is understandably more difficult than that of humans. A simple and economic method of 

 post-MCAO outcome assessment remains elusive. While there is no 'perfect' method for evaluating 

 functional impairment of NHPs after stroke, there are many assessments to detect an array of impairments, 

 from global to modality specific. 

 In sum, there are qualitative methods; such as scalar scores and composite scores, and quantitative 

 methods; such as discrete performance on cognitive or motor tasks. Benefits and constraints of each method 

 presented in Table 8. From these methods, a multitude of tests have been developed (see Table 9), but there 

 is little consensus on their use. The aim of the present section is to provide a concise overview of 

 behavioural evaluation in non-human primates models of neurological pathology in drug discovery research. 

 Generally, more intensive strategies of quantitative measures can be viewed as higher level evidence than 

 qualitative metrics, but often at a higher cost of labour and finance. 
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 Observer Rating Systems 

 Observer rating systems, often categorical or scalar in nature, are the most common method of evaluating 

 NHP behaviour. The first behavioural outcome assessments were during historic experiments by Crowell 

 (1970) , in which a scalar system similar to the modified Rankin Score (m-RS), was used (Crowell et al., 

 1970). This simple system, and iterations of it (e.g., Nehls et al., 1987; Jones et al., 1981; Hamberg et al., 

 2002), evaluate gross deficits on a numeric scale (i.e., 6 = normal, 0 = death). Similar neurological scales for 

 NHPs are seen for other CNS disorders. For example, the Primate Parkinson's Disease score (P-PD; Emborg 

 et al., 1998; 2006; 2008; Kurian et al., 1991), or neurotoxicology metrics of neurological deficits (e.g., 

 Froget et al., 2012; Gisvold et al., 1981; 1984; Campos-Romo et al., 2009; Lester et al., 2015; Gauvin & 

 Baird, 2008). Though not specific to stroke, such scales are beneficial in determining general CNS deficits. 

 However, because animals exhibit a variety of neurological deficits subsequent to MCA stroke, several 

 composite systems have been developed to measure neurological impairments across several functional 

 domains (Table 9). These include motor, sensory, attention, coordination, and reflex behaviours which can 

 be used as an assay of brain function (e.g., Symon et al., 1975; Del Zoppo et al., 1986; 1986; 1990; 1991; 

 Heo et al., 1999). Though categorical scoring systems are relatively simple, they allow identification of 

 deficits which may be masked by a scalar scores. The first relevant categorical evaluation of neurological 

 deficits was reported by Spetzler and Selman in 1979 (Spetzler et al., 1980; 1979), and is one of the most 

 popular methods of NHP outcome assessment (>200 citations,  Google Scholar  ). More recently, to increase 

 translational potential by mimicking clinical scales is the Non-human primate stroke scale (NHPSS), 

 mirroring the National Institutes of Health Stroke Scale (e.g., Roitberg et al., 2003; Cook et al., 2016; 

 Rameriz-Garcia et al., 2019; ~150 citations,  Google  Scholar  )  . A benefit of tests which mirror clinical 

 evaluations, assessment of  functions relevant to the clinical populations. Thus, categorical evaluations can 

 reduce bias by specifying deficits, while overall assessments  by scalar scores can indicate global deficits 

 resulting from diffuse injury following neurological injury (  Fukuda & del Zoppo, 2003)  . 
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 Test-Situation Behaviour Tasks 

 A less subjective method is NHP neurobehavioural tasks, in which data can be obtained from behavioural 

 coding (e.g., Rippley & Marshall, 2003) or computer-assisted methods such as the KinArm and Cambridge 

 Neuropsychological Test Automated Battery (CANTAB; Wither et al., 2020; Semrau et al., 2017; 

 Olesovsky, 2016;  Poole, 2017; Chen, 2021  ). Behavioural  coding of task performance has several advantages 

 over qualitative scales, as the goals of the test are well understood by the observer and the animal, with 

 motor control, planning, and attentional deficits inferred from performance and task success. For example, 

 hemiparesis versus hemisensory neglect can be established by testing motor function in each arm in 

 isolation. Commonly, a reaching tray (i.e., Kluver or Brinkman board) or a series of shrinking wells in 

 which an animal must reach through a window, grasp, and retract food from multiple small chambers (e.g., 

 Taylor et al., 1990; Bihel et al., 2010; Freret et al., 2008; Marshall & Ridley, 1996; Yin et al., 2013; Virley et 

 al., 2004; Abe et al., 2018; McEntire et al., 2016; Moore et al., 2013). Tube choice tests can infer hand 

 preference, and also visual deficits and hemi-spatial neglect (Cook et al., 2011; 2016; Cook, 2016; Marshall 

 & Ridley, 1996;  Fukuda and del Zoppo, 2003)  . Overall,  these tests mimic human outcome scales such as the 

 Fugl-Meyer assessment, and the Action Research Arm Test (  Fukuda & del Zoppo, 2003)  . 

 Computer-assisted methods have also been developed for automated and qualitative evaluation for 

 assessments of fine (Bartus, 1979; Bartus & Beer, 1980; Schaffelhofer & Scherberge;) and gross motor 

 (Schaffelhofer et al., 2015) quality have been developed. This can occur through analysis of general 

 qualities of locomotion and gait similar to the 'Hallway' and functional observational battery tasks (Froget et 

 al., 2012; Gisvold et al., 1981; 1984; Gauvin, & Baird, 2008). Gross movement using telemetry is also seen 

 in NHP pharmacology testing (Rose et al., 2012; Urbanski et al., 2012; Moscardo et al., 2010). Fine motor 

 behaviour can be assessed by robot systems, such as the KINARM. KINARM has gained popularity in 

 quantitative robotic assessment, as it can identify fine qualities of upper motor movement (Olesovsky, 2016; 

 Poole, 2017; Chen, 2021  ), and results can be directly  compared to human patients (Semrau et al., 2017). 
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 Assessments of Cognition or Personality 

 Additional functional tests may also be used to infer outcome and enhance methods; including cognitive 

 tasks and evaluations of personality. Cognitive function includes perceiving, remembering, imagining, 

 judging, reasoning, conceiving, and assessment of cognitive function plays a major role in determining 

 levels of disability after a stroke in patients  (Heiss,  2016)  . In primates, it is feasible to infer deficits  of 

 perception, problem solving, and memory. Cognitive functions can be inferred from motor planning in 

 complex tasks, but several cognition-specific tasks have also been developed for macaques. For example, 

 the Object Retrieval Detour Task is designed to evaluate the cognitive elements of motor planning in 

 reaching movements and has been used in cynomolgus monkeys with chronic stroke (Taylor et al., 1990). 

 Memory dysfunction has been assessed using a passive avoidance test (Zola-Morgan & Squire,1984; Nunn, 

 & Hodges,1994), a delayed nonmatching to sample/position tasks (Moore et al., 2005; 2009), and a primate 

 specific version of the human ‘Wisconsin Card Sorting Test’ (Moore et al., 2005; 2009). Of most interest for 

 qualitative cognitive testing is the CANTAB system (e.g., Wither et al., 2020). Several investigations of 

 NHP and human cognition are used with this system. 

 Finally, personality inventories may be of benefit to future functional outcome assessments. 

 Though more nebulous, psychological alterations are common in human stroke. For example, human left 

 hemisphere lesions are correlated to depression, while right hemisphere injury is associated with reduced 

 inhibition (reviewed in Gibson et al., 2022). Personality systems for Macaque monkeys can be based on 

 observer ratings, behavioural indexing, test-dependent, and automated, though most compose categorical 

 inventories (reviewed in Freeman & Gosling, 2010 ). Assessment of personality post- MCAo may confer 

 several benefits. Personality metrics in primates have extensive reliability testing (Hani et al., 2011), and 

 may have construct validity in indicating recovery potential. 
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 Test Method  Examples  Example Citation  Advantages  Disadvantages 

 Categorical 
 Scales 

 pm-RS  Crowell et al., 1970  Extensive history 
 in literature 

 Probability of data 
 misinterpretation 

 NHPSS  Roitberg et al., 2003  Most common method  Limited validity assessment 

 TONS  Mack et al., 2003  Simple, rapid to administer  High variation among publications 

 Speltzer  Spetzler et al., 1980 
 Targets specific functions  Unknown reliability 

 High sensitivity  Requires additional Validation 

 Test Situation 
 /Test Batteries 

 CANTAB  Wither et al., 2020 
 Translates among research 

 groups 

 NTB  Bihel et al., 2010 
 Excellent Inter-rater 

 reliability 
 Less understood structural- 

 functional relationships 

 KinArm  Olesovsky, 2016 
 Able to transfer to 

 quantitative measures 
 Requires 

 Validation 

 Gait analysis 

 Unbiased and accurate  Extensive training & 
 Equipment Costs  Campos-Romo, et 

 al., 2009 
 Can be electronically 

 recorded for offline analysis 

 TABLE 7.  Advantages and Disadvantages of behavioural assessment strategies 
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 Name  Model  Authors  Year  Category  Points  Assesses  Time 

 Primate Modified 
 Rankin Score 

 (pm-RS) 
 Stroke  Crowell et 

 al., 
 1970  Scalar  5  Overall function  2·5 min 

 Speltzer Score 
 Stroke 

 Speltzer et 
 al., 

 1980  Categorical  100 
 Motor Consciousness Facial paralysis 

 Visual impairment 
 15-30min 

 Task orientated 
 Neurological  Stroke  Mack et al.,  2003  Categorical  100  Consciousness Gare motor strength  I 

 coordination 
 15·30min 

 Score (TONS) 

 Post-Ischemic 
 Neurological 

 Grading 
 Stroke / 

 CNS  Nemoto et al  1977  Categorical  500 
 Consciousness Respiration FacialGrasp 
 Pain Posture Strength Walking feeding 

 chewing sitting standing cleaning 
 30-60min 

 STD  Stroke  Kito et al.,  2001  Categorical  100  Consciousness Sensory Motor Sensory  10-20min 

 Non-Human 
 Primate Stroke 
 Scale (NHPSS) 

 Stroke  Roitberg et 
 al., 

 2003  Categorical 
 Consciousness Defence Reflex Grasp 

 Motor Gait Balance Circling Bradykinesia 
 Neglect Vision Facial  41  10·20min 

 NOS  Stroke  Law et al.,  2017  Categorical 
 83  Consciousness, Sensory responses  10-20min 

 Motor Coordination 

 Primate 
 Parkinson's 

 Disease 
 (P-PD) Scale 

 PD  Kurlan et 
 al.,  1991  Categorical  41 

 Facial Paralysis Resting Tremor 
 Acting Tremor Posture Gait Bradykinesia 

 Balance  & Coordination  Motor Dyskinesia 
 Dystonia Vomiting Psychological Circling 

 10·20min 

 Primate Irwin 
 Scale  CNS  Froget et al.,  2012  Categorical  88  Exhalation (5) Molar (2) Sedalion (3) 

 Autonomic (7) FealUres Posture(4) 
 60-90min 

 (OPC + NDSS)  Gisvold et 
 al., 

 1981  Categorical 
 Consciousness Respiration Facial Grasp 
 Pain Posture Strength Walking Feeding 

 Chewing Sitting Standing Cleaning 
 Functioning 

 CNS  500  30·60min 

 Functional 
 Observational 
 Battery (Scale) 

 CNS 
 Lester 

 McCully et 
 al.,  2012  Behaviour 

 Task 
 Qualitative 

 Arousal Posture lecrimeton. Tremors 
 Consciousness Fasciculations Stereotype 

 Eyelids Pupil response Visual 
 field Auditory response Response to 

 food Reflexes (3) Proprioception Paresis 
 Temperature Ataxia. Dysmetria. 

 60-80min 

 Functional 
 Observational  CNS  Gauvin & 

 Baird  2008 
 Behaviour 

 Task 
 Qualitative  Sbpe assessment. ladder Task  45·60min 

 Battery (Tasks) 

 HALLWAY  PD  Campos-R 
 omo, et al. 

 2009 
 Behaviour 

 Qualitative  Gait & hand assessment  30-45min  Task 
 NHP 

 Behavioural 
 Tests (NBT) 

 Stroke  Bihel et al.,  1996  Behaviour 
 Task 

 Quantitative  I 
 Qualitative 

 Reaching:Hill & Valley 
 2 Tube 
 6 Tube 

 Ear Stimulation 

 20-30min 

 Angled Reach 
 Task 

 Stroke / 
 CNS  Taylor et al.,  1990  Behaviour 

 Task 
 Quantitative  I 

 Qualitative 
 Motor Coordination, Handedness 

 Excuton, Competition Time, # Reaches  20-30min 

 Board and Well 
 Tasks 

 Stroke 
 CNS  Glees et al.,  1961  Behaviour 

 Task 
 Quantitative  I 

 Kufver Board  I  Shrinking Wells  Qualitative  20·45min 
 Telemetry / 

 Accelerometry  ,  Stroke 
 CNS /PD 

 Moscardo et 
 al.,  2010  Behaviour 

 Task 
 Quantitative  Accelerometers /  telemetry  NA 

 locomotion 

 Cognitive / 
 Robotic tasks 

 Stroke 
 CNS /PD 

 Wither et 
 al., 

 Behaviour 
 Quantitative 

 KinArm, CANTAB  30·60min 
 2005  Task 

 TABLE 8.  Summary of published behavioural assessment methods 
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 2.6 - Differences In stroke Pathology Between Rodents and Primates 

 As alluded throughout the chapter, there are concerns regarding the effectiveness of stroke models in 

 predicting which therapeutics help human patients. A number of failed human clinical trials were predicated 

 on success in preclinical trials using rats (Perel et al., 2007; Hossmann, 2009; Sicard & Fisher, 2009). 

 Though usually 10% of novel treatments result in a clinically used drug, success rates for therapeutic 

 translation in stroke are near zero (see section 2.2). Indeed, over 1,100 Experimental treatments in acute 

 stroke cured rodents, but have failed to result in clinical benefits (O’Collin’s et al., 2006). 

 Though much time and effort from researchers has been directed toward rodent models of stroke, there are 

 limitations of these models. Researchers suggest that, all too often, rodents respond to experimental 

 interventions in ways that differ markedly from humans  (Perlman, 2016  ). Indeed, major differences exist 

 between lissencephalic brains of rodents, and the gyrencephalic brains of larger species such as primates and 

 humans. That there are such differences shouldn't be surprising, as the lineages leading to modern rodents 

 and primates diverged from a common ancestral species that lived some 90 million years ago (Fig 15). 

 Species-specific differences between rodents and humans include many factors, such as: size  ;  brain 

 composition and cell types; metabolic rates and diets; life history and domestication, immunological 

 responses; rates of brain-tissue death; and responses to brain injury, all of which influence rates of cell death 

 and present implications on stroke research. 

 The most obvious and fundamental difference between rodents and humans is size. Many biological traits 

 correlate with size. Three prominent traits are brain composition, metabolic rate, and life history strategy, all 

 of which likely prevent translation of rodent pathology to human patients. The brain of a rat is ~150x 

 smaller than that of a human (10g vs 1500g), whereas the macaque brain differs only by a factor of 15x 

 (100g vs 1500g; Toledano,et al., 2014;  Perlman 2016  ;  Herculano-Houzel  , 2009;  2011  ). Anatomically, 

 154 152



 Human and primate brains are 60% composed of white-matter, whereas murine white-matter only represents 

 10-15% of cerebral composition in rodents. Similarly, deep cerebral nuclei predominate in the rodent brain, 

 whereas neocortex predominates in the primate. These differences are important, as white matter and 

 neocortex are thought to be most vulnerable to ischemic injury (Bihel et al., 2011 ;  Baron et al., 2014)  , 

 whereas deep nuclei are most resistant (Moustafa & Baron, 2007). Histologically, rodent and primate brains 

 also differ. Primate brains possess more cortical layers (Dehay & Kennedy, 2007), greater neuronal density 

 (Herculano- Houzel, 2009; 2011), and unique cell types not observed in rodent species (e.g., Oberheim et 

 al., 2006; 2009). Differences in the number, size, type, and density of brains in rodents and murines likely 

 have implications on metabolic demands  (Isler & van  Schaik 2006; Mallard & Vexler 2015; Grist et al., 

 2019; Park et al., 2014;)  . For example, mammalian  metabolic rates correlate with size. Smaller mammals 

 require greater thermogenic metabolism due to size-dependent heat loss. Too, larger brains result in greater 

 metabolic rates. Thus, it appears rodent cortical tissues are less metabolically demanding than primates, with 

 rodents instead focusing energy on other organs (  Grist  et al., 2019; Park et al., 2014  ). Indeed, there are 

 phenomena in rodents where they can reduce overall metabolism, such as hibernation or torpor.. 

 Additionally, rodents' vascular structure causes translational challenges. The higher thermogenic 

 metabolism of rodents is reflected in greater capillary density  (Perlman, 2016;  West et al., 1997  )  . Indeed, 

 baseline cerebral blood flow values in rodents are approximately twice those in nonhuman primates 

 (McEntire et al., 2016). Thus, murine brains are rich in anastomoses (Sommer, 2017). Similar to humans, 

 mutations have been found in the branching pattern of the Rat cerebrovasculature, leading to marked 

 variability between individual rodents (Fox et al., 1993; Niiro et al., 1996; Bederson et al., 1986). The 

 higher presence of collateral vessels, more capillary beds, and evidence suggesting rodent vessels are better 

 able to regulate blood flow, all likely confer protection from ischemia in rodent species (West et al., 1997). 
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 Size is also associated with differences in aging and life expectancy. Bigger animals live longer. Rodents 

 do not often experience age-related mortality, and stroke research in young rodents may not reflect elderly 

 stroke patients. Too, rodents in research have been inbred. This genetic homogeneity can make rodent 

 strains valuable in laboratory research, but the lack of genetic variation can make findings difficult to 

 characterize outside of the lab. Research suggests that significant differences in infarct volume, ischemic 

 thresholds, and mortality post-MCAO are dependent on the species of rat used in experiments (e.g., Strom et 

 al., 2013), meaning that findings may not even translate between rat strains. 

 Too, evolutionary differences have resulted in rodents and primates responding differently to their 

 environment and how rodents respond to injury. Indeed, immunological and small-chemical toxicology in 

 rodents differs so much in rodents versus primates, that the EMA mandates for use of primates in 

 immunological and toxicological approvals (SCHER, 2009). Specifically, because rodent ancestors’ ate 

 different foods, rodents and humans have different metabolism of chemicals by cytochrome enzymes, which 

 makes toxicology in rats a poor predictor of humans  (Olson et al., 2000)  . For example, Many substances 

 that are carcinogenic or inflammatory in humans and primates are not carcinogenic or inflammatory in 

 rodents —and vice versa (  Perlman, 2016  ; Bjornson-Hooper  et al., 2022; Anisimov et al., 2005). 

 This is reflected in the immune composition between species. While the blood of primates -like humans- 

 is composed mainly of leukocytes (~50-60 %) and has a lower percentage of lymphocytes (15-30%), the 

 very opposite proportions are seen in rodents (Sharp, & Jickling 2014). In human stroke patients, increases 

 of leukocytes and loss of lymphocytes was observed beginning at 6 h and lasting 6 days after stroke (Wong, 

 2017). The inverse was seen in rodents. Overall, this work suggests that human immune response in stroke 

 is more pro-inflammatory during stroke, whereas murine immune activity was weighted towards tissue 

 protection (Zschaler et al., 2014 ; Bryant & Monie, 2012 ). 
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 A profound illustration of species specific immune activity was reported by Seok and colleagues in 2013. 

 This work purported inflammatory stresses from different etiologies result in similar genomic responses in 

 humans, yet the responses in corresponding mouse models correlated poorly with the human condition 

 (Seok et al., 2013). Immunological responses in the hours and days following I/R modulate survival of the 

 penumbra and cerebral edema, and these differences likely confer protection from ischemia. 

 These differences in metabolism, vascular structure, and immunological responses to injury, all likely 

 contribute to different thresholds for energy failure in ischemic injury between species. An excellent 

 example of the gross pathophysiological differences of ischemic injury between rodents and primates was 

 illustrated by Tagaya in 1997. In their study of DNA degradation in cell death processes, Tagaya et al., 

 noticed rates of cellular death in primate pMCAO nearly complete by 8 hours, but the same was not seen in 

 rodents. In rodents, pMCAO induced neuronal death after 24 hours. This delay in cell death may provide 

 time for rodent tissues to compensate, and prevent apoptotic and necrotic induction in a manner not 

 observed in primate species. 

 Not only are there different thresholds for tissue failure and tissue death following ischemic brain injury 

 between species, recent research suggests these differences are supported by different pathogenesis in 

 humans and murines following stroke (Ruhnau et al., 2016). For example, rodents show alterations in 

 protein expression during slight perfusion deficits (10-20% reduced blood flow) with related protein 

 transcripts conferring protection fro  m cellular stress,  but such responses are not seen in primates until 

 20-40% (Moustafa & Baron 2007). Rodents' tissues experience an ischemic ‘energy crisis’ at ~60-70% 

 perfusion loss, whereas such an energy crisis begins earlier in primates at ~40-50% (Touzani & Baron, 

 2007; Moustafa & Baron 2007). Overall, these differences in ischemic thresholds and responses confer 

 accelerated rates of ischemic cell death in primate cortex when compared to rodent species, and likely 

 underlie findings reported by Tagaya et al., (1997). 
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 Du and colleagues (  2017)  showed significant differences in pathway activity between human and rodent 

 cortical cultures using an in-vitro model of ischemia. Similarly, Nguyen et al., (  2016)  , using multiplex 

 immunoassay of chemokine/cytokine post-stroke tissues in mice and stroke autopsy patients, which showed 

 no correlation (pearson R < 0.1) of acute ischemic pathology between murines and humans (  Nguyen et al., 

 2016)  . Additionally, Martínez-Sánchez et al., (  2014)  examined plasma levels of immune markers in stroke 

 patients versus two different rat models. Though IL-6 correlated significantly with APACHE II, NIHSS 

 scale, infarct volume and mRS outcome in humans (r = 0.33 to 0.50, P < 0.05) these markers were 

 significantly different between species, with rodents having ~100x greater levels of IL-6 than the patient 

 population (  Martínez-Sánchez et al., 2014)  . Evidence  for rodent cellular activity different from primates is 

 also supported by microarray experiments run on hyper-acute cortical tissues in primate and murine species 

 post-stroke (Cook, 2016). Finally, there are many cytokines and chemokines in humans for which no known 

 ortholog exists in mice, and vice versa (Shay et al., 2013; Sellers, 2016). 

 These findings suggest that Rodent models are different from humans. Yet, regardless of these differences 

 in  size  ;  brain composition and cell types; metabolic  rates and diets  ; life history and domestication, 

 immunological responses; rates of brain-tissue death; and responses to brain injury,  use of rodent models  in 

 stroke research is immensely popular. Though non-human primate models appear to be a better proxy, they 

 are relatively understudied. 

 That there was such a conflict of opinion regarding use of rodents and primates in research was a point of 

 curiosity for the author. Surely, rodents must be a good model for stroke, since they are so widely employed. 

 As outlined discussed later in chapter 3 the controversy of rodent models, and possible promise of primate 

 models, was assessed experimentally. 
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 Chapter 3: 

 Problem: 

 Parameters of Efficacy in Ischemic Stroke Models are Lacking 
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 3.  Parameters of Efficacy in Ischemic Stroke Models are Lacking 

 “Scientific models (are) idealized in the sense that they are less complicated than reality and hence easier to 

 use for research purposes. These models are easier to manipulate and "carry" than the real thing. 

 The simplicity of models, compared with reality, lies in the fact that only the relevant properties of reality 

 are represented. 

 -  p. 108 as cited in: Joe H. Ward, Earl Jennings (1973) 

 Introduction to linear models. p. 4. 

 CHAPTER ABSTRACT; 

 Chapter three details the objective of the thesis, and questions which experiments performed sought to 

 answer. Specifically, though animal models of stroke are employed in research, information regarding 

 distribution of normal variation and general data on these models being not well defined. This issue of 

 reproducibility and validity for animal models of stroke allows the research problem to be formalised, and 

 establishes the purpose of the research in this thesis (Premise 3). 
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 Identified Knowledge Gap: 

 In summary of Chapter 1, foundational background on the topic was provided. It was identified that stroke 

 is a problem to Canadian society, and a challenge in stroke treatment to develop more effective tools to 

 predict stroke outcomes, and thus employ effective treatment interventions. However, there exists 

 substantial heterogeneity in the population of ischemic stroke patients. Based on estimates from perfusion 

 studies of the MCA territory (Van der Zwan et al., 1991, 1993), MCA-LVO stroke should encompass 23 ± 

 8% of the brain. This implies a 35% coefficient of variation. However, according to  Pereira et al.,  1999,  and 

 other research groups, the observed coefficient of variation in MCA-LVO is likely greater than 145% (see 

 section 1.5). The cause for this variability is unestablished. It may represent differences in biological 

 processes, resulting from age, sex, comorbidity, duration of ischemia, magnitude of injury, or ability to 

 recover from injury. 

 In Chapter 2 it was identified that animal models are considered a proxy for human stroke, and may 

 provide a means for controlling some of these confounds seen in human populations. However, the use of 

 animal models is controversial. Specifically, there has been limited success of therapeutic translation from 

 murines to humans, with well over 1,100 failed treatment trials in ischemic stroke (O’Collins et al., 2006). 

 The cause for these failures has been attributed to a mistaken assumption that the molecular pathology of 

 stroke is equivalent in humans and murine species (Seok et al., 2013; Phillips et al., 2014; Sommer 2017; 

 Kidwell et al., 2001; O’Collins et al., 2006). E  xamples  of  species-specific differences in rodents versus 

 primates include factors of brain metabolism, brain composition, vascular anatomy, and inflammatory 

 response to injury  (  Yarborough et al., 2018  ). These  factors result in  rodents having greater protection  from 

 brain injury in stroke pathology, when compared to nonhuman primates (NHPs; Tagaya et al., 1997). 

 A question I sought to answer in this thesis, is a commonly used rodent experimental model a good 

 proxy for human stroke? Specifically, what is the variability of this standardized rodent stroke procedure? 
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 Due to challenges associated with rodent models, STAIR  guidelines recommend NHP models to increase 

 predictive value of experimental stroke (  STAIR  1999;  Fisher  et al.,  2003,  2009  ).  However, this also has 

 controversy. Studies of non-human primates are rare, with O’Collin’s and colleagues identifying only 22 

 publications of NHP stroke in 2017 (O’collins et al., 2017).  NHP MCAO experiments have occurred for 

 over 75 years (Szymon et al., 1975; Peters & Evans 1937), but lack standardized protocols for surgical 

 technique, neuroimaging techniques or behavioural assessment methods (Rameriz-Garcia et al., 2019). 

 Some groups disagree on the benefits of using NHPs in stroke research. Use of NHPs also generates 

 criticism regarding the ethical use of intelligent animals in research. According to the scientific community, 

 NHP research is critical for understanding of human diseases due to their evolutionary proximity to humans 

 (AMS, 2006; SCHER 2009; Stephan & Pauling, 2015 ; Chatfield et al., 2018). This includes having 

 neuroanatomy, and neurophysiology which is more similar to the human brain (Cook & Tymianski, 2012; 

 Phillips et al., 2014), thus conferring greater target homology, pharmaco- dynamic/kinetic calculations, and 

 likelihood of translational efficacy. (Namdari et al., 2021;  Prior et al., 2020  ; Shen et al., 2013;  Haanstra  et 

 al., 2016;  Dalgaard  et al., 2015). Moreover, approval  of novel pharmaceuticals for first-in-human (FIH) 

 clinical trials often mandates a non-rodent species in safety assessment (ICH M3(R2), ICH S6 (R1), ICHS9; 

 Pior et al., 2017; Sietsema & Schwen, 2007). 

 Are primates a better proxy for human stroke? In using a standardized NHP stroke procedure, what 

 variability is observed in outcome? Are factors such as surgical technique, method of injury assessment, 

 duration of brain ischemia, or species employed responsible for different outcomes post-MCAO? 
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 Specifying the Research Questions; 

 (a)  What is the most common methodology to model stroke in murines, and in monkeys? 

 (i)  What are usual sample sizes, measures of infarction, and time course of experimentation? 

 (b)  Based on litterature of this methodology, how much does volume of infarction varry in this model? 

 (i)  Do the majority of studies show similar variation of infarction volumes? 

 (c)  Based on experimental results of employing this model, what sample size is required for detecting 

 30% reduction of infarct volume due to treatment effects from a novel compound? 

 (i)  Do the majority of studies show similar estimates for obtaining statistical power? 

 164 161



 Experimental Design to Evaluate the Research Questions: To evaluate these questions, we designed the 

 following and experiments with details of each hypothesis presented in the respective chapter: 

 In Chapter 4, previous meta-analysis of MCAO in rats (e.g., Strom et al., 2013), identified parameters 

 which impact variability and mortality in rodent MCAO. This paper suggested higher variation of infarct 

 volumes than previously published, and outlined optimal methods for inducing and measuring outcomes in 

 rat MCAO. We then performed their suggested rodent MCAO model, and evaluated outcomes in our hands 

 to determine what would be required to meet statistical power to evaluate a novel drug in this model to 

 answer  (1) are common rodent models a good proxy for  human stroke? 

 In Chapter 5, as no meta-analysis of NHP MCAO exists, I conducted an analysis of NHP MCAO research 

 to establish common methods and results. This chapter answers if the majority of studies show similar 

 infarction volumes in NHP MCAO, and have similar estimates for obtaining statistical power. 

 In Chapter 6, it was identified that hyperacute neuroimaging of ischemic injury is a common methodology 

 for modeling stroke in NHPs. We then performed the most common hyperacute MCAO in NHPs, and 

 evaluated variation of histological outcomes in our hands  to determine  the variance of the ischemic injury  in 

 this model, and  what would be required to meet statistical  power to evaluate a novel drug in this model? 

 In Chapter 7, lastly, an acute-to-chronic neuroimaging and behavioural assessment of ischemic injury is 

 also a common methodology in modeling stroke in NHPs. Thus, we performed the most common 

 hyperacute MCAO in NHPs. This method allows for investigating the relationship of tissue loss to end 

 functional outcomes in a non-human primate, and how initial perfusion and diffusion deficits relate to later 

 outcomes at one month post-MCAO. In this chapter, we evaluated variation of histological outcomes in our 

 hands t  o determine  the variance of the ischemic injury  in this model, and  what would be required to meet 

 statistical power.  Results of these chapters were  used to attempt to answer question  (2) Is a Non-human 

 primate, monkey, MCAO models a better proxy for stroke research? 
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 Experimental Research: 

 Chapter 4: 

 Characterizing the Common Acute Rodent Model of Focal Ischemic Stroke 

 Chapter 5: 

 Parameters of Efficacy in Ischemic Stroke Non-Human Primate Models are Lacking 

 Chapter 6: 

 Characterising a Hyper-Acute Non-Human Primate Model of Focal Ischemic Stroke 

 Chapter 7: 

 Characterising a Hyper-Acute-to-Chronic Non-Human Primate Model of Focal Ischemic Stroke 
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 4. Characterizing the Common Acute Rodent Model of Focal Ischemic Stroke 

 “ Men are bigger and better than rats. 

 (fin.)” 

 -  Charles Herrick. 
 Brains of Rats and Men. 1926 

 CHAPTER ABSTRACT; 

 Chapter four details experimental investigations of an acute rodent model of stroke. A brief summary of 

 results if the rat stroke model in scholarly literature is presented, and suggests that there lacks consensus 

 regarding the efficacy of common experimental designs for implementation of Rat models for preclinical 

 evaluation of novel therapeutics. The lack of consensus regarding the reliability and implementation of this 

 model allows the reader to understand the extent to which common preclinical practices may hinder 

 pharmaceutical development. 
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 4.0 Chapter Summary 

 As discussed in chapter three,  there appears to be  either significant variability of the murine MCAO 

 method, or that manuscripts regarding the Rat MCAO method fail to adequately report data which prohibits 

 analysis and replication of findings. The present chapter suggests that, though recommendations for 

 improving methodology of preclinical trials in stroke were led by academic scientists, it has not significantly 

 impacted current practice among research groups. 

 Indeed, several analyses throughout 2005 to 2015 have suggested significant caveats for using rodent 

 species as a model for human stroke and specifically that common practices using rodent MCAO models 

 have significant flaws that prevent reproducibility of findings. Thus, the following chapter sought to test 

 variability of the most common rodent stroke model, in an experimental paradigm commonly seen in the 

 literature and presents  descriptive and quantitative  statistics regarding this rodent stroke model. In summary, 

 this data suggests the majority of rodent models are severely underpowered to observe treatment effects  . 
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 4.1  Background and Research Problem 

 Rat models of stroke are by far the most common preclinical research tool (Fluri et al., 2015). The 

 standard approach for the majority of the preclinical stroke studies, greatly simplified, is: 1) focal cerebral 

 ischemia is induced in rodents, 2) some kind of treatment is administered and 3) outcome, most often by 

 measuring infarct sizes, is assessed (Ingberg et al., 2016; Strom et al., 2013). These basic steps are employed 

 in hundreds of publications yearly. Based on the number of citations conferred to the popular Longa et al., 

 1989 MCAO method, well over 15,000 publications exist only on rat MCAO (  data from Google Scholar, 

 2022  ). However, though commonly used, no consensus  exists regarding the ideal experimental setup, and 

 there is recent controversy regarding the effectiveness of these animal models. 

 For the author, the expected variability of ischemic brain injury in rodent stroke models was low, and thus 

 a reason for their use. For example, Virley et al., (2000) using a common 90min tMCAO in  six  rats, 

 suggested the coefficient of variation of infarction volumes was less than 10% (x̄ = 22%,  σ = 2.5%). This 

 variability is considerably less than human cohorts at 145% (section 1.5). Similarly, Li, Omae & Fisher 

 (1999) in their publication  (n=8 per group)  , suggest  ischemic infarct size was variable in a 60-min occlusion 

 (CoV = 48%), but 90-120 minute, occlusions were reproducible (CoV = 15% to 25%). 

 Conversely, others suggest rodent MCAO techniques produce heterogeneous lesion volumes, with large 

 standard deviations and high rates of exclusion appearing as low model variability. Liu et al., (2009) 

 reported the infarct variation coefficient in rat MCAO ranges 5% to 200%. Other research groups suggest 

 40% standard deviation of infarct volumes following rat MCAO is accepted as ‘reproducible’ (Trotman- 

 Lucas & Gibson, 2021; Ingberg, et al., 2016; Carmichael, 2005; Dirnagl & Macleod, 2009). The sub-species 

 of rat and method of MCAO also likely impacts the variance of the infarction volumes (Strom et al., 2013). 

 Reports of low model variability were suggested to reflect research or survivorship bias, as high rates of 

 animal exclusion in MCAO experiments is common. For example, though surgical procedures and data 
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 collection procedures follow a defined protocol, estimates suggest at least 5% of animals undergoing 

 MCAO surgery experience no infarct lesion (Carmichael, 2005; Dirnagl, 2006; Ingberg et al., 2016; 

 Trotman-Lucas & Gibson 2021; Wen et al., 2017; Aspey et al., 2000). Low rates of stroke induction in rat 

 models is suggested to result from natural mutational variants of cerebral vascular anatomy (  Fox et al., 

 1993; Niiro et al., 1996; Bederson et al., 1986  )   and differential sensitivity to ischemic-reperfusion injury in 

 rodents (Liu and McCullough 2011) . 

 Exclusions due to mortality may also incorrectly result in low variability, as MCAO is associated with an 

 ~12% rate of subarachnoid hemorrhage (Li, Omae & Fisher 1999; Wen et al., 2017), and ~15-30% mortality 

 following the procedure (Virley et al., 2000; Li, Omae & Fisher 1999; Wen et al., 2017). All told, one could 

 assume 30-50% of all animals may be excluded from a study (Aspey et al., 2000). Justified exclusion of 

 animals could reduce model variability, optimally through measures of perfusion deficits by MRI or CT ; 

 however, implementing these techniques would result in greater cost, introduce survivorship bias, and may 

 not necessarily be accurate ( Ingberg et al., 2018; Fernández-Susavila et al., 2017 ) . 

 These conflicting reports of the variability for rodent stroke models have implications on the statistical 

 power of commonly employed rat MCAO experiments. Depending on a model’s variability, low statistical 

 power results if sample sizes are not accordingly adjusted. For example, if variation of these models is 

 higher than 30%, then it questions whether statistical power is achieved in sample sizes less than ten animals 

 (Rewell et al., 2017;  Rewell & Howells, 2017). Of concern, metaanalysis of over 500 Rat MCAO studies 

 suggested mean group sizes were 9 animals, and coefficient of variation was 28.9%; meaning a 20% 

 difference between the groups would be merely 54.6% power (Strom et al., 2013). Nearly identical results 

 were seen examining 600 publications for mouse MCAO research (Ingberg, et al.: 2016) Assuming this 

 level of statistical power, a negative or positive result of a drug result is marginally more interesting or 

 informative than a coin toss (Ingberg, et al.: 2016; Strom et al., 2013). 
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 4.2  Objective 

 The rationale for this chapter is to examine the contested nature of preclinical rodent stroke models. 

 Evidence suggests common methods of modeling stroke in rodents are too variable to permit proper 

 evaluation of drug efficacy. Thus, we sought to clarify the internal validity of a common method for 

 evaluating novel pharmacological treatments in rodent models of stroke. 

 To evaluate the claim of lesion volume heterogeneity following a surgical model of stroke, a localized 

 ischemic infarction was induced in 256 Sprague Dawley Rats using a standardized and common middle 

 cerebral artery occlusion (MCAO) technique. Specifically, rats experienced the most common MCAO 

 method; an intraluminal model of 90 min transient Middle Cerebral Artery occlusion (it-MCAO). As 

 animals were part of an investigation of a novel therapeutic, sub-group analysis was performed on 

 control/vehicle populations. Infarct assessment was through TTC staining 24 hours following MCAO. The 

 distribution of ordinal behavioral scores (Bederson et al., 1986,  Garcia et al., 1995)  and histological 

 measures of brain infarction (TTC staining) were correlated. Severity of perfusion deficit via MR imaging 

 was not performed to reduce time, cost of experimentation, and reflect the experimental paradigm most 

 common to published research. However, a subset of the data were analyzed  post-hoc  for animals who 

 showed no overt behavioral impairments at MCAO and were excluded, as lack of behavioral impairments 

 suggest these animals failed to experience ischemic perfusion deficits (Wen et al., 2017). 

 In sum, the following reports normative data for the rodent ischemic model in a hyper-acute context. 

 Sub-group analysis included ‘treatment’ vs ‘control’, and ‘total population’ vs ‘included’ animals, both 

 results of which were compared to the literature. 

 Specifically, the research question was; what is the reproducibility of the intraluminal Middle Cerebral 

 Artery Occlusion (MCAO) method in Sprague Dawley rats in our hands? 
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 4.3  Chapter 4 Hypotheses 

 The goal of this chapter was to assess if common methods of using rat MCAO models are a good proxy 

 for human stroke. Hypotheses related to this question are stated below, with a main expectation of this work 

 being that the variance of the rat MCAO model was low. 

 The initial plan for this research was to assess the efficacy of a  novel drug in a rat stroke model. 

  Regarding underlying assumptions made in developing this model, based on the literature were: 

 a.A.  The learning curve for the MCAO technique could be refined within 20 animals, 

 n = 16 animals per treatment group (total study n = 52; as submitted to IACUC) 

 a.B.  Infarction volumes would be normally distributed, 

 a.C.  Behavioural deficits would be normally distributed, 

 a.D.  Infarction volumes would not have statistical differences across study batches 

 a.E.  Behavioural deficits would not have statistical difference across study batches 

 a.F.  Infarct volume in control animals; X̄ =250  ±  45mm3;  CoV = 25%; 

 a.G.  Normalized as percent total brain infarction, animal size had  no  significant relationship on outcomes 

 a.H.  Later behavioral deficits and later histological deficits would be correlated (R  2  > 50%). 

 a.I.  Early behavioral deficits and later histological deficits would be correlated  (R  2  > 50%). 

 a.J.  Early behavioral deficits would predict later behavioral deficits (R  2    > 70%), 

 The experimental hypotheses was that: 

 2A.  Experimentally treated animals would have infarct reduction >30%  X̄ =150  ±  40mm3; CoV = 26%; 

 2B.  Experimentally treated animals would have functional deficit reduction of  >30% 
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 4.4  Study Design and Methods 

 4.4.1  Choice of Experimental Design 

 . The chosen experimental design was based on common practice in preclinical stroke research at the time 

 of protocol development. Specifically, based on 1) common practices rat MCAO methods, and 2) 

 confirming the chosen paradigm was acceptable for peer-reviewed publication. `Recent meta analysis of Rat 

 MCAO by Strom et al., (2013) quantified method parameters in 500 rat stroke experiments. The following 

 summarizes Strom and colleagues results regarding common rat MCAO protocols across publications; 1) 

 young (97.5%), male (91%), sprague-dawley species (63%); anesthesia by inhalation (50%), with 

 temperature regulation (80%), but without intubation (93%), no post-op antibiotics (98.5%), no EEG (99%), 

 no blood pressure monitoring (69%), no analysis of hematocrit (85%), nor glucose (84%); MCAO was 

 induced by intraluminal filament (78%) and occlusions 60-120min (75%). Injury delineation was by TTC 

 staining (73%), with radiological imaging only in 6% of experiments. Exclusion criteria were present in 

 approximately half of manuscripts (47%), with common exclusion criteria being lack of functional deficit/ 

 absence of ischemia in (30%). The chosen study design reflected common methods, but with three points of 

 difference; 1), we monitored heart rate, though only 13% of studies used this, 2) we chose to have animals 

 awoken during surgery, and 3) hyperacute behavioral deficits was used as an exclusion criteria and proxy to 

 the acute perfusion deficit. 

 To confirm that the chosen experimental design was still commonly accepted practice, the most cited 

 publication that year using rat MCAO model was a point of comparison. Namely, Hou et al., (2018) was 

 found to have over 10 citations within a year of publication. Indeed, the chosen histological and behavioral 

 measures, animal numbers, and chosen timepoints are nearly identical to this publication, and the vast 

 majority of preclinical rat MCAO research. 

 175 171



 4.4.2 Animals and Population demographics: 

 The study protocol was reviewed and approved by the Animal Use Subcommittee of Queen’s University 

 Council on Animal Care (#2018-l803; #2017-1706). All animal husbandry and experimental procedures 

 were in agreement with the guidelines established by the Canadian Council on Animal Care (CCAC), and 

 approved by the Experimental Investigator (DJC). All experiments and animals used in this study and 

 overseen by a veterinarian, and veterinary technician. 

 All animals were purchased under a Queen's University IACUC-approved protocol for both surgical and 

 treatment procedures. Rats are the common choice in MCAO studies, for example, Longa et al., 1989’s 

 publication on the MCAO method has over 10,000 citations. Young male rats (Charles River Laboratories, 

 Strain Code 400; 350-600g) were obtained from a commercial vendor. 

 Prior to MCAO, animals were pair-housed in home cages under controlled conditions with 12-h light/dark 

 cycle, at an environmental temperature of 23°C, with 40% relative humidity, water ad libitum, and a daily 

 diet in the form of Rodent Chow (Purina). Enrichment included handling, chew toys, and home igloos. 

 Routine hematological tests (e.g., CBC, blood chemistries, and select serology) were not recorded. 
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 4.4.3 Behavioral Data Procedures 

 Daily interaction with animals acclimatized them to researchers for handling, and allowed for additional 

 environmental stimulation. Daily visits included light handling for 1-2 minutes per animal. If behavioral est 

 apparatus habituation occurred, it replaced light handling. All animals were acclimated to personel for a 

 minimum of three days prior to undergoing surgical procedures. Neurological function was assessed prior to 

 surgery, at 60min MCAO, and 24hrs post MCAO, and included a set of behavior procedures; specifically 

 forelimb flexion, locomotion, and cylinder tests. 

 For the forelimb Flexion Test, the animal was held by the base of its tail for no more than 60 seconds to 

 see if the animal had a neurological deficit. A normal rat will have symmetric reaching, but MCA injury 

 results in contralateral preference which causes a twisting motion, see  (Schaar et al., 2010)  for details.  The 

 cylinder test provides a way to evaluate the spontaneous forelimb use in rodents, as healthy rats actively 

 explore vertical surfaces (  Schaar et al., 2010)  . Last,  a general assessment of motor function was performed 

 in open field (3ft x 3ft x3ft) for two minutes, as animals experiencing a stroke typically have degradation of 

 locomotor behaviors; such as foot faults, circling gait, and altered consciousness,  (Schaar et al.,  2010)  . In 

 total, behavioral evaluations required ~ 10 minutes start to finish. 

 Following video recording of behavioral tasks, results were used to operationalize animal behavior 

 through standard ordinal scores; specifically and Benderson and Garcia scales (see Figure 21). These 

 scoring systems were chosen as they were the most common to rat MCAO literature. For example, the 

 Bederson score; developed in 1986 has been cited over 4208 times  (Bederson et al., 1986)  , though several 

 modifications have been documented in the literature (e.g., Meisel et al., 2004; Bieber et al., 2019, Eliash, et 

 al., 2001). Other common composite scores include the ‘Garcia scale’  (Garcia et al., 1995)  with 1619 

 citations, and many more vague ‘neurological severity score’ systems employed. 
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 FIGURE 21.  Illustration and scoring system for Rat post-MCAO behaviour 

 Upper: forelimb Flexion Test, the animal was held by the base of its tail for no more than 60 seconds to 

 see if the animal had a neurological deficit. A normal rat will have symmetric reaching, but MCA injury 

 results in contralateral preference which causes a twisting motion. Lower; a general assessment of motor 

 function was performed in an open field (3ft x 3ft x3ft) for two minutes. Animals experiencing a stroke 

 typically have degradation of locomotor behaviors; such as foot faults, circling gait, and altered 

 consciousness. Scoring of these deficits was via the Benderson and Garcia scales (right tables). 

 Figure by Harrison, 2019 
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 4.4.4 Preoperative protocols 

 The author was trained in accordance with Queen’s university standards (i.e., Quality Assurance Training; 

 Policies and procedures on animal surgery; Animal specific SOPs). All personal assistants were supervised 

 and educated to the study protocols, such as; surgical tools and fabrics sterilized by autoclave day prior to 

 surgery, with in-op sterilization via H2O2 and flash heating; and animal health and identification 

 information, such as weight and study number prior to surgery, to aid pharmaceutical dosing. All animals 

 were confirmed to be in good body condition score, eating, drinking, urinating and defecating prior to 

 surgery, and were trained in all behavior tasks as described in section 4.4.3. An overhead view of the 

 pre-surgical, surgical, and post-op set-up is illustrated in Figure 22. 

 Animals were transported out of the main vivarium to an operational room specific for the study, and 

 allowed to habituate to the new environment for 1 hour prior to manipulation. As fasting is not an accepted 

 practice for rodents undergoing surgery, all rodents were allowed continued access to food until 15min prior 

 to surgical induction. Analgesia use should be utilized in preclinical stroke research as a means of good 

 practice, and due to the nature of the procedure, animals were to be preemptively on pain management 

 before first incision. Preoperative analgesia and anesthesia included; local lidocaine (max 7mg/kg), Meta- 

 tomadine (0.05mg/kg ), Isoflurane (1-2%), Meloxicam (1-2mg/kg SQ), and Tramadol (20-40mg/kg IP). 

 Anesthesia was maintained by isoflurane anesthesia mixed in 50% Oxygen air, though animals were not 

 intubated. Animals were aesthetically induced with an Isoflurane chamber, with sedation confirmed by loss 

 of the postural reflexes. Animals were placed on a physiological monitor during surgery which recorded 

 heart rate, O2 saturation, and temperature by rectal probe; with regulated temperature via external blanket. 

 Intracranial monitoring by EEG or perfusion doppler were not performed, nor were systemic factors such as 

 blood pressure, hematocrit, nor glucose evaluated. The site of incision was shaved, and cleaned by a 3 step 

 prep. Prior to first incision, eye blink reflex and toe pinch ensured surgical level of pain inhibition. 
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 FIGURE 22.  Illustrative schematic of overhead view of Rodent MCAO Experimental set-up 

 Not to scale, and for descriptive purposes only. (1) move and acclimate animals; (2) anesthetize; (3) 

 weigh, administer analgesics, shave; (4) induce MCAO, administer treatment or saline; (5) recover during 

 MCAO; (6) 80min behavior testing; (7) reperfuse, close incision; (8) recover and monitor; (9) recover for 24 

 hours; (10) 24hr behavioral testing; (11) sacrifice, remove cerebrum and cerebellum; (12) cool and section 

 tissues; (13) treat tissues with TTC stain and formalin in biosafety cabinet; (14) store tissues for later 

 analysis. Figure by Harrison, 2022 
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 4.4.5 Experimental Treatment Intervention 

 The research was performed with the primary intent of fulfilling a private research contract to evaluate a 

 novel water-soluble treatment. As such, all  animals  were randomly allocated by an individual external to the 

 study, and study experimenters blind to experimental treatment allocation. Regarding control groups, it is 

 necessary to blind the surgeon so that they are not biased in performing the surgery and accessing the 

 animals. Thus, it is necessary to add a control group to this study both to confirm the average and 

 distribution of infarction volumes without treatment, and to reduce the possibility of bias in this 

 investigation. 

 Animals received placebo or drug intravenously via tail vein injection 5 minutes following MCAO. 

 Venous Doses of experimental compounds had a volume of approximately 0.4ml to 1.5ml over a 3min 

 period. Control groups received a bolus of the normal saline, equivalent in volume to experimental groups. 

 Study endpoints were the same for the control group as in the treatment group. Unblinding of treatment 

 allocation occurred via the external individual when all data of the animal population were completed and 

 collated for analysis. 
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 4.4.6 Surgical Procedure: 

 An endovascular means of arterial occlusion (intraluminal) was developed by  (Kiozumi et al., 1986) , and 

 popularized by  (Longa et al., 1989) . This technique involves accessing the middle cerebral artery through 

 the external carotid artery, and is the most frequently used rodent model of experimental stroke as it allows 

 the restoration of blood flow after the induction of focal ischemia; thus mimicking the sequence of events in 

 humans undergoing endovascular thrombectomy (EVT) for stroke. This intraluminal transient middle 

 cerebral artery occlusion (it-MCAO) technique does not require craniotomy, produces focal occlusion of a 

 large cerebral artery as seen in human stroke and can be done in a high throughput manner. An illustration 

 and in-op images of the surgical technique is shown in Figure 23. 

 An incision was made above the sternocleidomastoid muscle to isolate the common carotid artery (CCA) 

 and related anatomy via blunt dissection. The CCA was separated and isolated from the vagus nerve and the 

 external carotid artery (ECA) to allow intravascular access. To initiate MCAO, a silicon rubber-coated 

 monofilament (L23, Doccol Corporation, USA, 0.185mm by 30mm; with a coating of 0.41± 0.02mm in 

 diameter by 2-3mm in length) was introduced to the carotid 18-20mm rostrally via the ECA. The occlusive 

 filament had an indication for the correct length to maneuver the filament, but was halted if resistance was 

 felt. Once the filament was in place, a timer began for the infarct to develop over 90min. Then, the animal 

 received a tail-vein injection of the test drug in a randomized and blinded fashion. The incision was closed 

 and the animal placed in a heated incubation chamber at 35’C to recover from anesthesia, as the ability to 

 thermoregulate is reduced due to anesthesia and possible mild ischemia of the hypothalamus by arterioles of 

 the MCA. At 80 min post-MCAO, an evaluation of behavioral deficit was performed (see Section 4.4.3). 

 Following behavioral evaluation, animals were reintroduced to anesthesia and the occlusive filament 

 removed to allow reperfusion at 90 minutes. The incision on the neck was then permanently closed by 

 interrupted sutures, and confirmation of analgesic administration was performed before recovery. 
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 FIGURE 23.  The Rat MCAO surgical model. 

 Left, Illustration of the intraluminal transient MCAO procedure. 

 Right, an example of in-op pictures. 

 Figure by Harrison, 2018 
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 4.4.7 Post-operative Procedures 

 After surgery, animals were given a 30ml/kg of warmed saline SQ, and individually placed in clean cages 

 without bedding until the animal regained postural reflexes. Following awakening, animals were 

 individually housed in a new cage with bedding, food, shelter, and an option for external heat (heating pad 

 half-on-half-off). In successful surgery, it is expected animals present with neurological deficits such as 

 weakness of the left limbs, circling, and reduced ambulation, but have the ability to eat and drink within 6 

 hours of surgery. Post-operative nutrition was maintained by monitored food intake, with both dry and wet 

 chow provided (see SOP 10.1 Pain Management in Rats). Post-operative antibiotics were not administered. 

 Animals were monitored every hour for the first 3 hours, or between 6AM - 9PM EST. Indications of 

 dehydration resulted in an additional bolus of 30ml/kg of sterile lactated ringers or 0.9% sodium chloride 

 SQ. The veterinarian was consulted for additional interventions on a per-case basis. 

 Humane Intervention and Animal Mortality: 

 Due to the severe nature of MCAO deficits, animal mortality is common. Indications of excessive stress 

 suggest a requirement for humane intervention; see SOP 10.2. Animals that displayed continuous seizure 

 (status); were moribund; had persistent infection; lost >20% in weight; or had signs of organ dysfunction 

 were assessed by the veterinarian for euthanasia. For the 166 subjects included for the majority of analysis, 

 two animals were euthanized approximately 12hrs post-MCAO due to early termination as a human 

 intervention. However, early animal mortality occurred prior-to human intervention. Four instances of acute 

 post-MCAO fatality were observed within the first 7 hours of MCAO. Post-mortem examination revealed 

 that the most common cause of early mortality was intracranial bleeding, likely from malignant hemorrhagic 

 transformation, improper anesthesia,  or vessel perforation (referred to as an ‘acute death’; see section 

 4.5.1). Mortalities occurring later than 7 hours post-MCAO averaged at 12 ± 1.5hrs, were termed ‘chronic 

 deaths’, and found to be relate to post-infarction edema or hemorrhagic transformation. 
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 4.4.8 Animal Eauthanasia 

 For all animals, either due to meeting experimental endpoints or early mortality, euthanasia was the final 

 procedure. To meet the histological experimental endpoint at 24 hours, rats were deeply anesthetized with 

 isoflurane and phenobarbital. All animals were weighed prior to eauthanasia. To initiate euthanasia, 

 anesthesia was induced as outlined in surgical protocols (see Queen’s University SOP 10.15). Once heavily 

 sedated, the head was removed and rapidly cooled in 0”C artificial CSF. Times of mortality, extraction of 

 tissue, and time to tissue preservation were all recorded. 

 4.4.9 Histological Procedures 

 To establish stroke lesion volumes, histological estimates were derived from animal tissue. Following 

 craniectomy, organs were collected and cooled for 15 min to enable processing. In a biosafety cabinet, the 

 live cerebrum was sliced on a 2mm steel rat brain matrix, with slices submerged in Tetrazolium Chloride 

 (TTC) histological staining medium (0.5%, 37.0 ̊C, 15 min), followed by 10% formalin  (Rupadevi, 

 Parasuraman, and Raveendran, 2011) . Gross lesion volume was evaluated by optical calculation of TTC 

 lesions. Following staining, tissues were scanned with a black background to permit threshold based 

 isolation. Stroke volumes were calculated through an automated image analysis based on color thresholding, 

 through a java based pipeline in imageJ software (similar to  Kuts et al., 2019) . In summary, 2mm tissue 

 sections per-subject were split down the midline to allow comparison of each hemisphere. For each subject, 

 infarcted tissue areas in each brain section were isolated by automated color thresholding, with a 2pixel 

 smoothing kernel. Infarcted areas were then summed and multiplied over the length of the image to provide 

 an infarct volume for that animal. Similar methods were performed for non-infarcted tissue. Finally, a ratio 

 of per-hemisphere percent infarction was generated (see Figure 24). Of note, results of TTC were 

 qualitatively grouped into 3 categories; 1) no sign of infarction, 2) small region of infarction, and 3) large 

 infarction. 
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 FIGURE 24.  Example of Rat MCAO pipeline for processing TTC images into infarction volume estimates 

 TTC stain is produced by respiring and active mitochondria. Thus, dead or dying cells without functioning 

 mitochondria can not produce this red colour. Here, raw images of rat brain tissue slices, taken by a printer-scanner, 

 following MCAO show results of TTC stain, where normal tissues are stained red, and ischemic or infarcted tissues are 

 stained white. Slices are numbered (bottom of graph) and aligned to the nearest point of bregma of a rat atlas (numbers 

 top) Raw images were processed by a custom imaging algorithm by KAH to classify the image into 3 parts. Then, 

 per-subject volumes of infarction were made by interpolation of total brain volume versus ischemic lesion volume. 

 Figure by Harrison, 2018 
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 4.4.10 Data analysis 

 Data Exclusion and Filtering 

 Presented data represent experiments conducted between the years 2017-2018. Of these experiments, 

 four animals had ID codes swapped, which were corrected based on surgical records within a week. 

 Filtering animals via exclusion can allow for reduced variation of the experimental model, but 

 justification for animal exclusion is stated in fewer than 50% of published manuscripts. This is against best 

 reporting practice for intent to treat analyses (du Sert et al., 2020). Here, three filters were applied to the 

 overall study population, with a comparison of the ‘filtered’ data and ‘unfiltered’ data a part of this analysis. 

 Firstly, establishing task saturation aimed to ensure results were not biased by surgical ability. Surgical 

 proficiency was defined by a consistent plateau in the ‘time to perform surgery’ (i.e., consistent surgical 

 performance), and ‘stroke volume over time’ (i.e., percent of animals without mortality and with signs of 

 infarction). Second, due to the severe nature of MCAO deficits, animal mortality is commonly observed in 

 following it-MCAO. Thus, removal of animals not meeting the experimental endpoint is of interest. Third, 

 as behavioral dysfunction serves as a proxy for ischemic injury (Strom et al., 2013; see section 1.6) lack of 

 isoelectric tissues and thus lack of ischemic injury should not produce behavioral deficits. Thus, animals not 

 presenting without any deficit due to the MCAO procedure were eligible for exclusion. 

 Statistical analysis 

 Graphs were created through RStudio (CRAN project, R version 3.4). All data will be analyzed by using 

 statistical software in the base R languages, and additional R packages including; ggwithinstats; 

 ggbetweenstats; geom_cor; ggplot; chron; datasets; dplyr; rstatix; scales; and stats. 

 Shapiro-Wilk normality test was used to assess if the data from histological scores can be evaluated by 

 common tests of group differences (i.e., student’s T-test). A one-sample Kolmogorov-Smirnov will identify 
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 the distribution of the data. Group means for each variable will also occur through Mann-Whitney-Wilcox U 

 test. All statistical tests will use two-sided tests of significance. All data will be reported as mean  ±  SD. 

 Establishing effects between experimental groups will be with an unpaired two tailed Student’s T-test 

 (P<0.05). If significance was found, to account for multiple comparisons, Bonferroni correction will be 

 applied when equal variance was assumed and the corrected P-value was set to 0.005 (0.05/10), while 

 Dunnett’s C test was performed when equal variance was not assumed. 

 Agreement between the initial perfusion-related behavioral deficit, and post-infarct behavioral deficits was 

 by Pearson’s rho correlation (i.e., behavioral scoring t o  x behavioural scoring t 2)  , and correlations of 

 behavioral scoring and the acute histological outcomes (i.e., behavioural scoring x histological measures of 

 infarct t 2) . P < 0.005 considered to be statistically significant. 

 Calculation of infarction Volume 

 Three general methods for calculating infarction volume exist; (1) average for the sum total pixels 

 infarcted / total pixels not infarcted, (  V =  Σ  (white  pixels)/  Σ  (red pixels)  ; (2) identifying the largest  percent 

 infarction present in a slice, and assuming that along the length of the brain, (  V= 2π max(area)  ; and, (3) 

 assuming the brain and infarction volume are a trapezoidal prism, with the sum between slices divided by 

 total tissue (  V = Σ  (  L  1  /2 *A  1  + A  2  …. L  n  /2 *A  n-1  +  A  n  . Too, some methods will include a correction for  edema 

 (see Lin et al., 1993; McBride et al., 2015 for examples).  Of interest, different assumptions for calculating 

 infarction volumes were found to result in different estimates for percent infarction. Results of spearman 

 correlation between percent infarction based on assuming equation 2 versu  s equation 3 suggested equation 2 

 resulted in a 1.8X greater infarct estimate, though with a strong correlation (R2 = 0.99; maximum difference 

 between estimates; 30% versus 49%)  .  Numerous other  methods likely exist, but these three calculations 

 were performed. Presented results of infarction volumes were obtained by averaging outputs of the three 

 equations per-individual. 
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 Summary of animal demographic Data: 

 Study Batches  10 datasets (25 ± 10 animals per batch) 

 Data acquisition year  2018 

 Sex  256 Male (216 surviving) 

 Age  3 ± 1.2 months  2.5mth min , 5mth max 

 Weight  440± 30g  290g min , 893g max 

 Temperature  37.5 ± 0.5°C  35.1 min , 38.8°C max 

 Isoflurane  1.7 ± 0.4%  min1, max 3 

 Heart rate  103 ± 5 BPM  min 82, max 162 

 SpO2  99 ± 3 %  min 78, max 100 

 Behaviour Score  8.7 ± 4.4  min 0, max 19 

 Infarct Volume  9.1 ± 8.8% 
 (~ 180 ± 200 mm  3  ) 

 min 0%, max 36% 

 TABLE 9.  Rat MCAO animal demographics 

 189 185



 4.5 Results 

 4.5.1  Demographic Summary & Exclusions 

 During the period of 2017-2018, 256 young male Sprague-Dawley Rats rodents underwent a surgical 

 model of stroke, referred to a  s MCAO between 8AM and  5PM EST weekdays (see summary Table 10). 

 Animals were aged 9-15 weeks, weighing an average of 440g  ±  30g (290g to 893g). Temperature was 

 maintained at 37.5  ±  0.5°C (35.1 to 38.8°C). Post-surgery,  animals lost an average of 14  ±  3% body weight 

 (6% to 25%).  Animals were grouped into 10 ‘batches’  of 15-40 animals per-batch, thus allowing general 

 identification of batch level effects (Leek et al., 2012). There was a significant increase of animal weights 

 from batch 6 to batch 10 (320±20g  vs  440±20g ;  p-  holm  < 0.001). However, no significant correlations were 

 found between animal weights; operative temperatures; or time of day at which the surgery occurred versus 

 MCAO lesion volume, or behavioral impairments (Pearson R2 <0.1;  p  > 0.1;  Data not shown  ). Overall, 

 animal subject demographics by study batch likely did not influence findings. A ‘filtered’ subpopulation of 

 126 animals was identified, consisting of experimental batches 6-10, as explained in the following sections. 

 Filtering on Surgical Proficiency; 

 While 256 rats initially underwent MCAO, practice was required to master the procedure and provide 

 reliable data. No official quantification appears to exist for definite learning curves in surgery, as related to 

 surgical time, mortality, and success in either preclinical or clinical practice (see Hopper et al., 2007). Thus, 

 The senior clinician supervising the work confirmed surgical proficiency, and is thus the threshold used. 

 Data collected evaluating surgical proficiency showed that surgical performance was maximized after the 

 84th rat surgery was performed. Time of surgery in the development period averaged at 53 ± 25 min (min = 

 13; max = 72 min), while the skill plateaued at an average 25 ± 8 min (min = 10 min; max = 50 min). 

 Similarly, the percentage of mortality in the development period was 30%, while in later studies plateaued at 

 7.8%. The rate of surgical success and time to complete surgery is shown in Figure 25, and TABLE 10. 
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 Group  Batch  N  Weight  % post-op 
 Mortality 

 % no 
 Stroke 

 % in-op 
 Mortality 

 Average Behaviour 
 Deficit Score 

 Average Infarct 
 Volume 

 1 

 1  20  na  2 (10%)  10(50%)  3(15%)  na  4.3 7.7% 

 2  20  na  3(15%)  1(5%)  1(5%)  na  10.8 ± 11.1% 

 3a  8  na  1(13%)  1(13%)  1(13%)  2.1 ± 2.9  3.7 ± 4.9% 

 3b  22  324 ± 12g  6(27%)  0  0  na  5.4 ± 6.7% 

 4  13  450 ± 133g  2(15%)  3(23%)  3(23%)  na  3.8 ± 6.6% 

 5  7  373 ± 154g  2(28%)  0  0  na  11.1 ± 11.6% 

 2 

 6  35  319 ± 24g  1(3%)  3(9%)  1(3%)  3.8 ± 4.8  9.2 ± 8.9% 

 7  34  355 ± 30g  3(9%)  3(9%)  1(3%)  7.4 ± 5.2  11.4 ± 9.4% 

 8  30  411 ± 26g  1(3%)  7(23%)  0  4.8 ± 5.1  9.1 ± 8.4% 

 9  34  434 ± 37g  0  14(40%)  0  4.6 ± 53  8.1 ± 6.7% 

 10  33  441 ± 29g  2(6%)  5(15%)  2(6%)  5.1 ± 4.7  8.2 ± 6.2% 

 Total:  256  23(9%)  47(19%)  15(6%) 

 TABLE 10.  Rat MCAO Surgical Proficiency by Study Batch 
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 FIGURE 25.  Learning Curve of surgical technique; Duration of surgery, and outcomes of surgery 

 As discussed in Hopper et al., (2007), performance tends to improve with experience. Learning curves are often used 

 in the context of medical education and training. Learning measures relating to a surgery generally fall into two 

 categories: measures of the surgical process, and measures of patient outcome. Surgical success measures include 

 operative factors such as operative time, while patient outcome measures include factors such as morbidity rates, and 

 mortality rates. However, It is difficult to assess a clinicians’ performance, and the nature of a learning curve is a 

 matter of debate. For example, a surgery can be profoundly successful in the technical skills, being a ‘success’ of the 

 surgeon, but the patient may die of related, or unrelated, causes. 

 Here, each dot represents an animal at the time of experimentation, with the upper panel illustrating surgical time, and 

 the lower panel illustrating the result of the MCAO surgery. A moving average was automatically generated regarding 

 surgical time, and subjective success based on subject mortality (with lower mortality being better) and morbidity 

 (which conversely to the clinic, greater mortality and indication of brain injury is better). Points on the top indicate 

 notable milestones, such as recruitment of assistants. The dashed line indicates the point at which a novel drug trial 

 began, and the sample was split into subjects meeting surgical proficiency.  Figure by Harrison, 2018 
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 MCAO Survival: 

 Of 256 animals, 40 mortalities were observed (16%; 216 surviving). All cause mortality was; 4 euthanized 

 by intervention; 11 early mortality between 9-23hrs post-op, likely from malignant edema or hemorrhagic 

 transformation; 9 mortality within 5 hours post op, likely due to malignant intracranial hemorrhage or 

 intravascular damage; 11 animals with immediate intracranial hemorrhage during surgery, likely due to 

 vessel perforation; and 5 animals lost due to error (i.e., surgical field lost, anesthetic overdose, overheating). 

 Assuming any mortality within the first 5 hours was due to error, we estimate that there was a 6.5% error 

 rate. Removing the 90 animals considered as ‘model development’, resulted in 166 cases. Of the 166 cases 

 considered to meet the surgical standard, 13 deaths were seen in these batches, leaving 153 animals surviving 

 to 24 hours post  occlusion (7.8% mortality). Of these deaths, 2 were euthanized due to recommendations 

 from the university veterinarian, and 4 had malignant transformation (3.6% post-op mortality). An additional 

 4 animals passed within 5 hours of MCAO, and three animals had acute surgical complications (4.2% error). 

 Filtering for behavior deficits 

 The surviving sample population was further subset filtering out the 27 animals for whom no acute 

 behavioral deficits were documented (see section 4.4.10 for details). Thus, leaving a ‘filtered’ population of 

 126 animals. An illustration of the proportions of animals surviving and showing histological injury is 

 presented in Figure 26. 
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 FIGURE 26.  Rat MCAO Model Qualities & Filtering Rat MCAO Population 

 Illustration of infarction volumes and qualitative model success for the total population, (top), and when 

 filtered for surgical success (middle) , and when filtered for only those animals which did have indications 

 of infarction and survived the procedure (lower).  Figure by Harrison, 2020 
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 4.5.2  Behavioral results 

 Of the 256 animals which underwent MCAO surgery, behavioral data was collected for 177 with 160 

 animals having both behavioral timepoints at 60 minutes into MCAO and 24 hours post procedure. 

 Neurological deficits were quantified on a 0 to 21 point scale, based on the Bederson Stroke Deficit Scale (9 

 points;  Bederson et al., 1986 ), and the Garcia Stroke Score (12 points; Garcia et al., 1995; see Figure 22). 

 Prior to surgery, all animals displayed normal behaviors. Behavioral evaluation occurred 80±3 minutes into 

 occlusion, and 24 hours following. A ‘successful’ perfusion deficit was inferred by the presence of any 

 behavioral deficit when assessed during MCA occlusion. Interrater agreement was evaluated across 38 

 animals (76 time points) in both the acute and 24h time period, within interrater agreement having a R2 of 

 0.47 overall, though agreement was greater for only behaviour assessment at 24h post mcao (R2 = 0.58, at 

 24hrs;  data not shown  ). Results of the Shapiro-Wilk  test suggested that behavioral scores were not normally 

 distributed, with 80min scores having skew of W = 0.97052, and 24hr scores W = 0.92278, (  p  < 0.001). 

 The distribution of hyperacute behavioural deficits during ischemic induction was 8.7 ± 4.4 (min = 0; max 

 =19; CoV = 50%), in the total animal population, and 5.3 ± 4.5 (min = 0; max =18; CoV = 84%) in the 

 filtered 126 animals. Animals which did not survive to 24 hours had a score of 7.9 ± 6.1 (min = 0; max =16; 

 CoV = 77%), with 25% of these early mortalities showing no acute behavioral deficits (see Figure 27 for 

 batch-level effects) 

 As 27 animals (~16%) were found to have minimal behavioral impairments at 24hours with no indication 

 of histological injury, these cases were excluded from analysis to present the best and worst case scenarios 

 for the amount of variance with these subjects included and excluded. Thus, the ‘filtered’ average 

 behavioral deficit when excluding non-responders or mortality in the acute period was 9.6 ± 3.9 min (min = 

 0; max = 19; CoV = 0.4), and 6.2 ± 4.4 min (min = 0; max = 18; CoV = 71%) in the chronic period. This 

 suggests the coefficient of variation was, at best, 71% (N=126). Examining hyperacute behavioral deficits 

 per-batch suggests this observation was consistent across all samples. 
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 FIGURE 27.  Rodent behavioral deficits during MCAO and 24h post-MCAO across batches 

 Possible batch effect in early trials (batch 3), but not seen in the subjects filtered for skill saturation 

 (batches 6-10). * P < 0.01, but not significant once data were filtered for non-respondents and mortality. 

 Figure by Harrison, 2022 
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 In general, comparing acute against 24 hour behavioral deficits per-individuals which survived, suggests 

 the minority of animals (only 34 of 256 rats) had increasing deficits; with an average 3.5 points of reduced 

 function. However, the vast majority of animals (75%) exhibited no change or a recovery in neurological 

 scores, with a mean individual improvement of 5.6 points (max difference, 14.5 points recovered in 4 

 animals; see Figure 30 for an example). 

 That such a large recovery was observed in animal behavior, we sought to test the relationship between 

 these timepoints. A pearson's correlation was evaluated on variables of acute behavioral deficits to resultant 

 deficits at 24 hrs. Of interest, acute neurological defects during occlusion did not appear to have a 

 relationship with later behavioral outcomes. Specifically, in 160 animals, the relationship between 

 acute-to-24h behavior had an R  2  = 0.05, though this  was slightly improved when non-responders were 

 removed (R  2  = 0.06;  p  > 0.05, n.s.  data not shown  ). 
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 4.5.3  Histological Results 

 Distribution of Infarction Volumes 

 The method for inferring infarct volume has been discussed previously, and suggest the exact 

 methodology for calculating infarction volumes can produce vastly differing estimates (see section 4.4.10). 

 Here, average estimates of infarction were not corrected for edema, with percent total brain injury ranging 

 from 0% to 35% of total brain volume across animals. Examining histological regions of interest per-batch 

 suggests that there were no significant differences of infarction volumes. Results of the Shapiro-Wilk 

 normality test, in both the total population and when filtering for animal exclusions, suggest that the data are 

 not normally distributed. 

 Average Lesion volumes across the 216 surviving animals was 9.1 ± 8.8% (CoV = 97%). For the 158 

 surviving animals considered to be meeting skill saturation, mean infarction volume was 9 ± 8.5% (CoV = 

 94%). When the population was further filtered to remove the 27 cases found to have no acute deficits, these 

 126 animals had an average percent ischemic injury estimated as 11.2 ± 8% (CoV = 72%; see Figure 26). 

 Thus, the lowest coefficient of variation of infarction volumes in the current study is 72% (N=126). There 

 were no significant batch-level differences in the rat total MCAO population (see Figure 28), nor were 

 significant differences seen in the filtered population, nor only in controls  (data not shown)  . 

 Of interest, though 80% of the animals experiencing MCAO had ‘any’ indication of cerebral infarction, 

 defined as affecting greater than 5% total brain volume, only 52.7% of lesions involved neocortex (i.e., 60 

 of 126). 
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 FIGURE 28.  Box-violin plots of Rat MCAO volumes of cerebral infarction, by batch 

 Fused violin and box-plots indicate mean volumes of brain infarction, the total range of the data, and 

 mean and quartiles of the data, per batch. Points indicate per-individual volumes of infarction. No statistical 

 significance was found between groups by repeated T-test with bonferroni correction. 

 Figure by Harrison, 2022 
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 Histological Correlation with Behavior 

 To explore if lesion volume had a relationship with behavioral performance, correlational analyses were 

 made between the volumetric measures and task scores of animals. Specifically, a Person correlation was 

 used to evaluate whether behavioral deficits had any relationship to histology. Hyperacute behavioral scores 

 did not show a significant correlation to later infarction volumes (r = 0.1, p > 0.1;  data not shown  ). 

 However, the correlation between lesion volume at 24 hs and behavioral sore at 24 h post-MCAO showed a 

 significant positive correlation in the total population (n = 216; Person R = 0.78, p < 0.001; Figure 29). This 

 effect was also seen when filtering for surgical skill and non-respondent MCAO surgical induction, through 

 the strength of the relationship was diminished (n = 126; Person R = 0.71, p < 0.001;  data not shown  ).  This 

 trend was seen across all batches of the filtered series, and was similar to results of a second rater, who in 

 evaluating 35 animals, also found a relationship of 24h infarct volume to 24h behavior, with a pearson’s 

 R2=0.69 (see Golod, 2018). 
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 FIGURE 29.  Correlation of 24hr Rat post-MCAO Lesion volume and 24hr Behavioral sore 

 Data shows results for all surviving animals. Results suggest a significant positive correlation (R = 0.78, 

 p-holm < 0.001 ). The effect was seen across study batches (ranging from Person correlation coefficient R = 

 0.73 to R = 0.95). No significant relationship was shown between acute deficits predicting later volumes of 

 infarction (R < 0.1, data not shown.  Figure by Harrison,  2022 
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 4.5.4  Analysis of Drug Effect 

 Following unblinding, it was identified that of the 256 animals which underwent MCAO, 107 were 

 controls, and 149 animals received treatment at varying doses. The incidence of no evidence of ischemic 

 injury in the control population was 14% (n = 15, while 19% of the treatment group had no evidence of 

 injury (n = 29 animals). Incidence of mortality in the control population was 20.5% (n = 22), while only 

 12% in the treatment group (n = 18 animals). However, when the population was subset into 126 animals 

 filtered based on exclusion criteria, only 36 animals received normal saline, while 96 animals received some 

 form of treatment (~ 1:3 group allocation). Time of drug administration of drug or saline in the filtered 

 population did not differ between groups (control = 5±3 min, treatment = 5±3 min). No evidence of 

 ischemic injury in the control population was 22% (n = 8), while 21% of the treatment group had no 

 evidence of injury (n = 27 animals). Incidence of mortality in the control population was 8.3% (n = 3), and 

 7.9% in the treatment group (n = 10 animals). Of the 27 animals further excluded based on lack of 

 histological and behavioral injury, 19 received treatment. 

 Though not a formal hypothesis, it is essential to check the assumptions of random animal allocation, 

 illustrated by no differences of animal demographics between treatment versus control groups. Here, no 

 significant differences were observed between animal demo  graphics, such as; animal weights, time at which 

 surgery occurred, duration of surgery, nor physiological values. Thus, subjects did differ by allocation to 

 treatment vs controls groups. Regarding effe  cts conferred  to the dependent variables by administration of 

 treatment, no significant differences were observed in the outcome measures of behavioral deficits nor 

 infarction volumes between groups. Similarly, when comparing control animals to the largest single dosing 

 group (53 animals) no significant differences were identified (see Figure 30). 
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 Experimental Treatment Efficacy - Behavior 

 Behavioral deficits measured at 80 min of ischemia in the total control population regardless of mortality 

 was 9.1 ± 5.2 (max = 19; n = 53; CoV = 56%), while chronic deficits had an average score of 5.8 ± 5.9 (max 

 = 16 min; n = 53; CoV = 77%). For animals receiving some form of treatment, deficits during MCAO 

 procedure was 8.6 ± 4.3 (max = 16; n = 131; CoV = 50%), while chronic deficits had an average score of 

 5.4 ± 4.7 (max = 18; n = 119; CoV = 87%). 

 In the filtered control population, behavioral deficits measured at 80 min of ischemia was 9.3 ± 5.5 (max 

 = 19; n = 46; CoV = 34%), while chronic deficits had an average score of 6.1 ± 7.2 (max = 15; n = 46; CoV 

 = 59%) For filtered animals receiving some form of treatment, deficits during MCAO procedure was 9.6 ± 

 3.6 (max = 16; n = 96; CoV = 39%), while chronic deficits had an average score of  5.8 ± 7.9 (max = 16; n = 

 96; CoV = 72%). Results of Student's T-test suggest that this represented a significant recovery between 

 timepoints in both groups (i.e., see Figure 30). However, results also suggest that, though significant 

 behavioural improvement was seen in treated and control groups, no significant difference between groups 

 was seen (i.e., at 24 hrs post-MCAO; 5.8 ± 5.9  vs  5.4 ± 4.7;  p  >0.4; Figure 30) 

 Experimental Treatment Efficacy - volume 

 Histological percent of ischemic injury 24 hours after the MCAO procedure in the overall control 

 population was 9 ± 8.3% (n = 85; max = 34%; CoV = 54% ), while in the treatment population was 9.1 ± 

 9% (n = 131; max = 35%; CoV = 54% ). 

 Histological percent of ischemic injury 24 hours after the MCAO procedure in the filtered control 

 population was 11.6 ± 5.9% (n = 30; max = 22%; CoV = 50% ). While in the filtered population, mean 

 infarction volumes for animals receiving treatment was 10.9 ± 8.9% (n = 96; max = 35%; CoV = 80% ). 

 Results of Student's T-test suggested this represented no significant difference between group treatment vs 

 control groups (  p  >0.5,  data not shown  ) 
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 FIGURE 30.  Rat post-MCAO acute and 24hr Behavioral data by treatment group 

 Data presented is of the unfiltered control group data (normal saline, N =53 rats). This trend is similar in 

 the total population. Left, Slope plot illustrating individual animals, with increasing deficits in red, and 

 decreasing deficits in blue, for treatment and control groups. Right, mean behavioral deficits showed a 

 significant decrease from acute to chronic timepoints in both treatment and controls, but were not 

 significantly different between treatment nor control groups. Significant differences were seen in the mean 

 behavioural deficits of animals at MCAO vs 24hrs post MCAO (T-Test, p < 0.005), but no significant 

 differences were observed between treatment and control groups (T-Test, p > 0.5).  Figure by Harrison, 

 2018. 
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 4.6 Conclusion 

 4.6.1  Summary of results 

 This work suggests the rat intraluminal MCAO method, though the most commonly employed 

 experimental rodent model, surprisingly has  high variability which likely contributes to the variable 

 outcomes documented in the research literature.. Results of the Shapiro-wilk normality test showed a 

 non-normal distribution of Rodent Behavioral scores and TTC based ischemic lesion volumes, thus 

 statistical analysis cannot use tests that assume normality. correlations were found between 24 hour stroke 

 volume and 24 hour behavioral deficits, with a high agreement between the behavioral impairment and 

 percent of ischemic injury (R =.78), behavioral scores during occlusion did not relate with later behavioral 

 outcomes nor histological assessment of injury (R < 0.1). Of interest, many animals presenting with acute 

 deficits had complete recovery at 24 hours, and 40 rats (~ 18% of the animal population) showed no 

 behavioral or histological indication of stroke 24 hours following the procedure. These findings were 

 consistent across 6 consecutive animal batches suggesting high probability of a real effect. 

 By eliminating animals who clearly did not experience a brain injury, also called ‘non-responders’, 

 relationships in the data may be more easily identified. When animals were excluded based on those who 

 showed both continuing behavioral deficits, did not experience mortality, but with consistent rates of 

 surgical success, the sample population reduced from 256 animals to 126 filtered animals (30 control, 96 

 treatment). In the total animal population, the coefficient of variation for infarct volumes was estimated at 

 92% (N=256). 80% of the animals that experienced MCAO had ‘any’ indication of cerebral infarction, 

 defined as affecting greater than 5% total brain volume, with  52.7% of lesions involved neocortex (i.e., 60 

 of 126). Even when excluding non responders and examining only the control population, the coefficient of 

 variation at 24hours was, at best, 50% for infarct volumes, and 59% for behavioral deficits. 

 205 200



 4.6.2  Estimated Sample size and Statistical Power 

 Here, the observed standard deviation of rats undergoing MCAO was nearly three times greater than 

 initially estimated from the a-priori power calculator for sample size. Thus, to establish a real 

 between-group difference equaling the hypothesized value, the population would need to be much larger. 

 The following suggests a prospective power calculation for future research in NHP MCAO preclinical 

 experiments based on data from the present study, calculated using GPower3 (Faul et al., 2007). Assuming a 

 best-case scenario regarding CoV, based on the filtered population of 126 animals (CoV = 70%). For ease of 

 calculation we assume then the control rat MCAO samples have a distribution of 9 ± 6% for infarct volumes 

 at 24hrs. Based on a rat’s whole brain volume being between 1764.92 ± 85.57 mm3, to 1971 ± 22.7 mm3 

 (Welniak- Kaminska, 2019; Valdéz-Hernández et al., 2011; Goerzen et al., 2020)  ; that would be equivalent 

 to 180  ± 115mm3. An effect size of 30% due to treatment  would be approximately 125 ± 100mm3. Thus, in 

 a two-tailed unpaired t-test; one would require at least 145 animals per group to have 80% power. However, 

 this estimate assumes normal distributions of variables, which was not observed. Additionally, that not all 

 animals had had infarction following MCAO, and several mortalities were observed, introducing more error. 

 Thus, it is more likely that, when accounting for 10% animal mortality, and 25% incidence of no injury 

 post-MCAO, a study likely requires at least 200 animals (N = 100) in each group. 
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 4.6.3  Key Findings; 

 Results suggest that there exists a large variability in behavioral and volumetric deficits, showing 

 extensive heterogeneity in size and extent of injury ischemic injury, which are in agreement with other 

 published values of the Sprague Dawley it-MCAO model (e.g., Charmichael, 2005). For example, Rewell 

 and Howells (2016) using a similar population found similar values, stating a rate of cortical infarction of 

 approximately 58%, mortality of 7% and incident of any infarction at 81%. By comparison, the present 

 study had  a rate of cortical infarction of approximately 53%, mortality of 8% and incident of any infarction 

 of 80%. 

 These results support the notion that common methods of MCAO modeling using sprague- dawley rats of 

 small sample sizes may be insufficient for basic science investigations of stroke; with high variability easily 

 resulting in false effects. Variability in the success of stroke induction and the resulting infarct volume 

 ultimately impact on the statistical power of an experiment and the number of animals required. For 

 example, investigations utilizing sample sizes less than N = 10 per group would be severely underpowered. 

 4.6.4  Study Limitations 

 This animal population showed greater variation of animal’s weights and temperature during surgery than 

 reported by other authors. 

 There was a trend for larger animals to have a greater likelihood of no stroke. See table. This may reflect 

 the specific aspects of the chosen experimental technique where arterial occlusion was performed with a 

 catheter. As animal size and weight increase , the size of the cerebral vasculature may also increase, so that 

 the catheter would not completely block blood flow to a portion of the brain, thus reducing the probability 

 of achieving an ischemic threshold. 
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 Body weight and temperature has been suggested to affect stroke outcomes in previous literature of the rat 

 model ( Ström et al., 2013;  Corbett et al., 2000;  Colbourne et al., 2000) . Thus, repetition of this study with 

 greater control over these values may reduce infarct variability. 

 Another limitation of the study is related to the outcome measures, although this study used the most 

 common measures; behavioural tests and 24 hour cerebral histology, the reliability of behavioral tests have 

 been stated as  being dependent on ‘personal experience of the experimenter’ (  Dirnagl, 2016)  , with 

 questionable reliability. Indeed, and no automated methods exist to obtain the presented 340 behavioral 

 scores. Results of interrater reliability for behavioural testing employed in this chapter suggest moderate 

 agreement between subjective behavioral scores (R  2  = 0.58), with 40% of the variance of the dependent 

 variable is explained by the assessor. Other limitations of the chosen behavioral assessment include that 

 behavioral deficits during ischemia may reflect tissues with electrical dysfunction, but not necessarily cell 

 death (see section 1.6). Thus, employing behavioral deficits as a proxy indication for ischemic ‘perfusion 

 deficit’ is common but not validated in the rat models of stroke (Ström et al., 2013;  Dirnagl, 2016  ). 

 Similarly, use of histology by TTC, though the most common method for rodent models of stroke, has 

 pitfalls. Using this technique requires the animal to be sacrificed, meaning that the histological injury can 

 only be assessed at a single point in time. DWI is common in clinical practice to evaluate stroke and could 

 confirm histological injury. Similarly, PWI measures are thought to improve findings by enabling less 

 subjective filtering of animals not experiencing a perfusion deficit sufficient for ischemic injury. A better 

 experimental design would be to have behavioral evaluation of animals  associated with MR imaging of 

 initial perfusion defects (60min into MCAO) and both assessments repeated at the time of animal sacrifice 

 (at 24 hrs post-MCAO) to be able to correlate behavior and MRI imaging with TTC histology. 
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 However, even if additional timepoints of histological infarction were included, a challenge remains 

 regarding how infarct volumes are calculated. Here, the chosen technique of a brain matrix, with relatively 

 thick slices, results in more error due to tissue deformation than MRI. Not all animal brains are the same 

 size, the exact location of slices vary. These may alter estimates of infarction based on the anatomical region 

 in view. Also, the custom algorithm is unable to identify contralateral ischemia, and similar to previous 

 authors, is not validated (Kuts et al., 2019). Another point of contention is how to account for edema and 

 intraparenchymal hemorrhage of infarcted regions (Cook et al., 2012a). Manuscripts may use different 

 equations in their calculations. Thus, the same lesion may have a different numerical value. For example, 

 employing corrections for edema, or ‘false positive’ ischemic tissue volumes, can result in under or over 

 estimation of tissues. Though edema may normalize values of infarction in the sample population , this may 

 not reflect the importance of edema, as multiple authors have suggested including edema is critical because 

 it induces physical distortion of cells and increases tissue pressure that can create localized decreases in 

 blood flow (O’Brien, 1979). Here, present results do not correct for edema. 

 The chosen surgical method is known to have flaws. ECA transaction in rats has been shown to induce 

 ischemic lesions outside of the brain, such as the facial and retinal tissues. This may induce changes in 

 behavior and weight-loss in some animals. Too, infarction of hypothalamic regions is common, and can 

 result in postoperative hyper- and hypo-thermia. Because the chosen method does not allow direct 

 visualization of the vasculature, the success of the model is limited. 

 These results suggest additional controversy regarding translation of rodent research to humans, as present 

 data suggest that far larger sample sizes are required for preclinical testing. Power calculations assume that 

 data are normally distributed and thus allow use of more powerful tests (i.e., T-Test vs Dunn’s test). 

 However, non-parametric tests tend to have lower statistical power, and thus require far larger effects for 
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 significance. Here, we estimate that, though initial power calculations suggested a requirement of only 16 

 animals per treatment group, in reality each treatment arm requires at least 100 animals. 

 Not only does lack of normality breach assumptions required for the majority of statistical tests, too, it 

 suggests that the MCAO model has sub-populations of infarction. Occlusion of the MCA, without the 

 AchA, results in an estimated 30-40% false positive perfusion deficit ( Rewell  &  Howells, 2017) . This 

 limitation may underlie why present results were not normally distributed. Similar to discussed in section 

 (1.5), other groups studying infarct variation suggest anatomical underpinnings, and differential responses to 

 reperfusion injury, are the cause of the observed variation (e.g., O'Collins et al., 2006; Endres et al., 2008; 

 McGonigle, 2014; Fisher et al., 2009; Boltze et al., 2016). For example, anatomical variations may precede 

 these as perfusion monitoring in this strain has a 40% rate of error, as occlusion of the MCA without AchA 

 can result in a false positive perfusion deficit even when using MR imaging (McLeod et al., 2013). 

 Specifically, we believe that present results support the hypothesis that distribution of ischemic volumes is 

 dependent on the exact configuration of vessels, and which of those vessels are occluded (see Figure 31). 

 Such anatomical variation can not be controlled, and introduces error in publications attempting to establish 

 treatment effects. 
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 FIGURE 31.  Hypothetical model for observed variability in rodent MCAO 

 Other groups studying variation of animal focal cerebral ischemic infarction suggest anatomical 

 underpinnings are a significant cause to heterogeneity of the animal model. Minor differences in the 

 placement of the occluding suture, or vascular anatomy can cause variance.  Figure by Harrison, 2022 
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 4.7  Regarding the Chapter Hypotheses 

 The goal of this chapter was to assess if common methods of using rat MCAO models are a good proxy 

 for human stroke. Many of the assumptions related to the model were found to be incorrect: 

 aA.  NO, proficiency of the MCAO technique was not refined within 20 animals, and required 40 

 aB.  NO, Infarction volumes were not normally distributed, 

 aC.  NO, Behavioural deficits were not normally distributed, 

 aD.  YES, Infarction volumes did not have differences across study batches 

 aE.  YES, behavioural deficits  did not have differences across study batches 

 aF.  NO,  infarct volume in control animals more variable  than assumed, being 180 ± 180 mm  3 

 (9 ± 8.3%); CoV = 92%; 

 aG.  NO, variance of animal size in intraluminal MCAO may confer surgical failure 

 aH.  YES, 24 hour behavioral and histological deficits had a positive relationship (R  2  > 50%). 

 aI.  NO, behavioral deficits between timepoints had no significant relationship (R  2  < 5%). 

 aJ.  NO, Early behavioral deficits would predict later behavioral deficits (R  2    < 1%), 

 Regarding the experimental hypothesis: 

 1A.  NO,  infarct volume in treated  animals was; X̄ =  192 ± 192 mm  3  (9.2 ± 8.6%); CoV = 99%; 

 which was not different from control animals at 180 ± 180 mm  3  . 

 1B.  NO, behavioural deficit scores in treated animals was 6.6 ± 3.9 pts ; CoV = 99%; 

 which was not different than control animals at 6.4 ± 4.6  pts 
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 5: Parameters of Efficacy in Ischemic Stroke Non-Human Primate Models are Lacking 

 “Whenever many different remedies are proposed for a disease, 

 it usually means that we know very little about treating the disease, 

 which is also true of a drug when it is vaunted as a panacea or cure-all for many disease” 

 -  Garrison (1929), p. 25. 

 CHAPTER ABSTRACT; 

 Chapter five is a quantitative review and analysis of Non-human Primate (NHP) models of stroke. Models 

 of primate stroke models across published literature are presented, and this review suggests that there is a 

 lack of consensus regarding experimental design for NHP models of focal cerebral ischemia. 
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 5.0 Chapter Summary 

 In Chapter 4, we examined whether significant limitations  exist in rodent species as a model for human 

 stroke. Specifically, the presented results support common models of rodent MCAO lack reproducibility of 

 findings  (e.g., Carmichael, 2005; O’collins et al.,  2007)  .  Though several metaanalyses have been performed 

 in rodents, no such analysis exists in primate stroke models. 

 In an ideal scenario, studies whose results are to be combined in a meta- analysis would all be undertaken 

 with the same protocols. Studies are hence homogeneous, and allow for estimation of underlying effects. As 

 will be shown, this is unfortunately not the case for research in NHP stroke models. 

 Initial search identified 739 publications of the MCAO stroke model in primates since 1937. Of these, 93 

 publications provided explicit data for injury volume and time of measurement. Analysis of these data 

 demonstrates a lack of standardization with resultant variability of reported outcomes. Of great concern, 

 results of per-animal data extracted from primary publications suggest that, even within a single study, 

 control groups do not follow a normal distribution of stroke volume or predictable time course for stroke 

 injury. Only one publication (Cook et al., 2012a) showed sufficient data to make accurate inferences on the 

 natural time course of ischemic injury in primate MCAO. Worse yet, between study heterogeneity of control 

 animals was so large as to deny assumptions of traditional meta analysis 

 Following challenges in performing a traditional meta analysi  s, the chapter discusses and provides 

 descriptive and quantitative statistics regarding available literature on primate stroke models, possible 

 influences of various methodologies, and a preliminary equation to model stroke injury progression over 

 time.  Based on this work, the chapter concludes with  a summary of the findings, and suggests standards of 

 experimental design to facilitate NHP MCAO investigations in future. 
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 5.1 Chapter 5 Hypotheses 

 No quantitative review specific to NHP models of stroke has, to the authors knowledge, been performed. 

 One analysis of medicine translation of pharmacology from preclinical to clinical populations has been 

 performed previously, which did mention some NHP Models of stroke. However, no attempts have as of yet 

 been made to quantify common methods of stroke using primate, and provide normative statistics regarding 

 various factors that may have an effect on post-MCAO volumes of infarction. As no such analysis has been 

 performed previously, many assumptions were required. 

 The assumptions included: 

 aA.  >49% of all NHP studies report a quantifiable volume of post-MCAO infarction, 
 aB.  >49% of all  and  included studies state animal sex,  animal Species, and animal weight. 
 aC.  >49% of all  and  included NHP studies studies use the  Male Macaque Species 
 aD.  >49% of all  and  included NHP studies use a sample  size > 6 animals 
 aE.  >49% of included NHP studies have a quality score greater than 9/16  (>49% low bias) 

 bA.  >49% of included NHP studies report exclusions or mortality 
 bB.  >49% of included NHP studies use a single common method to measure infarction (e.g., MRI), 
 bC.  >49% of included NHP studies use one common timepoint to measure infarction, 
 bD.  >49% of included NHP studies measure infarction for more than one time point of infarction, 
 bE.  >49% of included NHP studies present Infarct measure both as percent and volume 
 bF.  >49% of included NHP studies present individual animal data rather than aggregate data 
 bG.  >49% of included NHP studies state the Occlusion location on the MCA 
 bH.  >49% of included NHP studies state the MCAO technique as Endovascular vs neurosurgical 
 bI.  >49% of included NHP studies state use of MCAO sub-technique of neurosurgical decompression; 
 bJ.  >49% of included NHP studies state the MCAO duration 
 bK.  >49% of included NHP studies evaluate a novel treatment 
 bL.  >49% of included studies which evaluate a novel treatment, time to treatment is >30min 

 cA.  Brain infarction volumes have a normal distribution by species, 
 cB.  Brain infarction volumes would differ by primate species (T-Test significant in all comparisons) 
 cC.  Brain infarction volumes by animal size have a positive relationship (R  2  > 0.5) 
 cD.  Normalized as % total brain infarction, normal distribution and equal variance for all species 
 cE.  Normalized as % total brain infarction,  no  differences  exist across species (T-Test non significant) 
 cF.  Normalized as percent total brain infarction, animal size has  no  relationship (R  2  < 0.1) 
 cG.  The average coefficient of variance of percent infarction would be less than 35% 
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 Though quantifying the accuracy of these assumptions is alone a novel finding, the intent of the 

 dissertation is to evaluate the  benefits and potential limitations of the NHP model. As the scaling of 

 non-human primate brains is nearly a perfect linear fit of brain volumes to body weights (see section 2.5), 

 one would assume the MCA territory in NHPs also supplies 23 ± 8% (see section 1.5.1) of a given primate 

 brain. 

 The specific question of the dissertation is ‘  is a  NHPs model of stroke a reproducible preclinical tool for 

 human stroke research  ’. A main expectation of this  review was  that the variance of cerebral injury from  the 

 NHP MCAO procedure within and across publications would be low and the percent of infarction would be 

 similar to the percent brain volume supplied by the MCA territory. 

 Thus, the specific Hypotheses were that: 

 1A.  Pooled average volumes of infarction following NHP MCAO in control animals would be 23 ± 8% 

 1B.  Across publications there would be similar infarction volumes and variance for control animals 

 1C.  All studies reporting treatment benefit would have significant differences 

 between control vs treatment groups 

 1D.  Studies which evaluate a novel treatment, would have low heterogeneity I  2  < 50%, 

 1E.  Studies which reported treatment having a positive benefit would confer a 30% treatment effect 
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 5.2 Study Design and Methods 

 5.2.1.  Identification of Publications 

 The goal is to characterize typical mean and standard deviation for percentage of total brain (i.e., %) 

 infarct volume in the published literature of Non-human Primate models of infarction by Middle Cerebral 

 Occlusion (MCAO) and to determine if this is normally distributed. 

 To meet PRISMA guidelines for scholarly review, any review of the literature must be conducted by two 

 independent persons (Page et al., 2021). Thus, design of the search for publication relating to this work were 

 performed through assistance with a university librarian technician, and bias reduced using automated 

 search tools. Specifically;  PubMed  ,  Scopus  ,  GoogleScholar  ,  WebOfScience  ,  PublishorPerish  and  CrossRef 

 were probed for the following keyword search strategy: 

 (Macaque) OR (Monkey) OR (Primate) OR (NHP) OR (Monkeys) 

 AND 

 (ischemic) OR (ischemia) OR (infarction) OR (MCAO) OR (stroke) OR (cerebrovascular) OR 

 (occlusion)  . 

 Output of this publication data was merged into a single database. All publications up to Dec 2019 were 

 included in this analysis. Following removal of duplicate items, 4996 publications were identified from 

 initial search. 
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 5.2.2.  Study Selection Criteria 

 The primary inclusion criteria for this analysis were animal experiments employing NHPs as a model of 

 focal cerebral ischemia. Specifically, occlusion of the primate middle cerebral artery (MCA). Included 

 in-vivo  NHP stroke models were limited to focal ischemia  models, thus excluding global ischemia models. 

 Global models of ischemia are distinguished by a reduction of blood flow to the whole brain, such as 

 occlusion of carotid and vertebral arteries. However, focal models are believed to be more relevant to stroke 

 (Molinari, 1979), while global models are representative of injury secondary to cardiac arrest (Lee et al., 

 2020). 

 Secondary inclusion criteria for full text review had the following requirements: (1) published in English 

 (2) publications were available in electronic form via the Internet; (3) results identified the primate species 

 investigated, and (4) results had at minimum one report of cerebral infarction either numerically or 

 graphically presented. Foreign language reports were included only when published with an English abstract 

 or translational software was applicable. Conference abstracts were excluded if an accompanying 

 conference paper could not be found in the electronic databases. 

 Publications were excluded if they related to non-neuronal pathologies, or failed to include Non-Human 

 Primate species. For example, experiments performed in non-stroke models of neuroprotection (i.e., 

 Parkinson’s disease, epilepsy, toxicology) were excluded (e.g., Tierney et al., 2006). Studies using the term 

 'Stroke volume’, when referring to cardiac systole/ diastole, were excluded, as were publications of 

 neurological consequences of ‘stroke’ when referring to heat or temperature exhaustion. Other forms of 

 focal cerebral injury, non-ischemic in nature, were excluded. This includes traumatic brain injuries (e.g., 

 Boock et al., 1993), focal cortical ablation (e.g., Xerri et al., 1998), or cold induced lesioning (e.g., Darby et 

 al., 1993; see section 3.2.3 for details). Additional exclusion occurred if the publication did not provide 

 sufficient reporting to allow extraction of data, discussed in the following section. 
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 After identification of relevant publications, the second inclusion criteria for this analysis are publications 

 reporting data of interest. In keeping with the Stroke Therapy Academic Industry Roundtable (STAIR) 

 recommendations, reports were restricted to publications presenting infarction volumes. Thus, inclusion 

 criteria during full-text analysis focussed on experiments reporting three main parameters post-MCAO; (1) 

 infarct size; (2) time of infarct measurement; and (3) novel treatments (neuroprotection). Only those studies 

 reporting outcome as an infarct volume (measured histologically or by brain imaging) were included for 

 analysis. A graphical depiction of the search strategy used, and results of each step in the process are shown 

 on Figure 32. 

 Additional variables of interest that may affect infarct size were included in the analysis. These variables 

 were; the primate species, methodology of MCAO induction, time of measurement, survivorship bias, and 

 experimental treatments. When infarction data was presented only as an area (i.e., mm  2  ) these studies  were 

 not included. Some studies also provided data on other outcome variables, such as animal behavioural 

 scores, electrophysiological parameters, or other endpoints but these papers were not included in this 

 analysis. 
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 FIGURE 32.  PRISMA flow diagram for NHP MCAO study selection 

 Illustration of Preferred reporting items for systematic Reviews and Metanalyses (PRISMA) flow diagram 

 for study selection.  Figure by Harrison, 2022 
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 5.2.3.  Systematic Review Assessment of Study Quality and Bias 

 Multiple methods for assessing risk of bias and study quality are available  (Ma et al., 2020)  . Here, studies 

 were rated by STAIR Guidelines of quality assessment (  Fisher et al., 2009  ), and Cochrane Reviews of study 

 bias (Jørgensen et al., 2016; McGuinness and Higgins 2020; McGuinness 2019). The STAIR scoring system 

 is a ten point scale, with the presence of essential data providing a point towards the quality score. Higher 

 scores are to reflect higher quality publications. These include; (1) publication in a peer-reviewed journal, 

 (2) statements describing temperature control, (3) random assignment of animals, (4) allocation concealment 

 (5) blinded outcome assessment (6) avoidance of anaesthetics with neuroprotective properties, (7) use of 

 animals with comorbidities (8) inclusion of a sample-size calculation, (9) statement of compliance with 

 animal regulations, and (10) a statement regarding any conflicts of interest. 

 Cochrane Reviews provides a risk of bias assessment tool for meta analysis, which evaluates eight 

 domains, of which seven are applicable to animal studies and one is inapplicable due inability of animals to 

 self reporting. For the seven applicable criteria, five are captured in the STAIR study quality measures, and 

 the remaining two Cochrane risk of bias criteria were added as additional factors to be analysed. Additional 

 factors assessed in publications included; (11) incomplete outcome data (i.e., conflicts in the total sample 

 size, or incorrect use of units), (12) selective reporting of data (i.e.,  a-priori  justification for study 

 exclusion). In addition, we defined additional criteria that we felt represented high quality publications that 

 are not included in the STAIR guidelines. These were; (13) statement of experimental protocol ID  , (14) a 

 sample size greater than 12 (six per group), (15) that the study measured infarction at more than two 

 timepoints, and (16) included post-MCAO behaviour outcomes. This method of quality and risk reporting is 

 similar to other publications examining animal MCAO methodology (O’Collins et al., 2017). To reduce 

 possible bias in the present analysis, we removed experimental publications containing the author's 

 experimental data which is presented elsewhere in this thesis (presented in Chapters 5 and 6). 
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 5.2.4.  Method for Extracting Individual Primate Data 

 This analysis used individual participant data (IPD). Data regarding experimental stroke were identified 

 via hand-searching of relevant journals, guided by keyword search. Individual data and aggregate data’ (i.e., 

 x̄ ± SD, n) can be combined (Riley, et al., 2007; Peters & Mengersen, 2008). The approach for combining 

 IPD data was similar to methods by Hozo et al., (2005), which: (1) excluded trials reporting data only as 

 medians, (2) included trials when data was presented as numerical median/mean and  σ/SEM data, and (3) 

 used estimates of the mean and variance values from graphical data when data was not presented 

 numerically. A summary of the IPD process is shown in Figure 26, and a summary of extracted variables in 

 Table 11. 

 Data collected were: publication name and year, sample sizes, animal characteristics (i.e., species, strain, 

 sex, age), stroke model (i.e., method of induction, location of occlusion, duration of ischemia); intervention 

 (dose, time to treatment, control or treatment condition), outcome (end point, time measured, 

 imaging/histology method), how infarct was reported (percentage/absolute volume), and study quality 

 (randomization and blinded assessment of outcome). 

 Individual subject data from the 93 eligible full text articles were extracted using a standardized data form, 

 made in Microsoft Excel for Mac (V.16), However, primary studies did not analyze and present data in a 

 standard way, so there needs to be consideration of how to deal with results in different formats (Peters & 

 Mengersen, 2008). Variables of interest and grouping of data are shown in Table 11. The results section 

 describes the approach to data standardization and normalization. 
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 FIGURE 33.  Flow diagram for generating individual participant (NHP) data from PRISMA search. 

 Illustration similar to PRISMA flow diagram for study selection, but for the process of generating per- NHP 

 subject data. Numbers in brackets indicate total observations.  Figure by Harrison, 2022 
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 TABLE 11.   Summary of variables extracted from NHP MCAO metanalysis: 

 Species: categorized into 6 levels; 
 Sex; caragorized into 4 levels 
 Weight; continuous variable in kg,  often interpolated  from group average and standard deviation 
 Age; continuous variable in years,  often interpolated  from group average and standard deviation 
 Infarct; continuous variable in %,  required conversion  in cases, see section 5.3.3 
 Intervention time to treatment, continuous variable in min 
 Method of Infarct Measurement; categorized into 11 levels; 
 Time of Infarct Measurement; categorized into 11 levels; 
 Experimental Interventions; categorized into 6 levels; 
 Placebo or Experimental; binary factor with 2 levels; control or treatment condition 
 Occlusion location ; factor with 3 levels; M1, M2, M3 
 MCAO technique; binary factor with 2 levels; Endovascular vs neurosurgical 
 MCAO neurosurgical decompression;  eventually removed  due to data conflicts 
 MCAO duration; categorized into 7 levels; rounded to neared timepoint 
 Infarct measurement format ; binary factor with 3 levels; precent, volume, both 
 Infarct measurement extraction; binary factor with 2 levels; exact per individual, interpolated from group means 
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 5.2.5.  Statistics 

 There are two statistical approaches for conducting an IPD meta-analysis: one-stage and two-stage. One- 

 stage approaches analyze individual data from all studies simultaneously, such as a hierarchical regression 

 with random effects. The two-stage approach derives data in each study separately in a traditional meta- 

 analysis.These are mixed-effects models because they involve both fixed-effects parameters, applying to the 

 entire population or well-defined subsets of the population, and random effects associated with particular 

 experimental or observational error. In our study  both a one stage approach , with  pooling of  individual 

 data from all studies and two stage approach with  grouping  data by citation or other factors was performed. 

 Individual study characteristics and outcomes were summarized and presented in tables or Figures. 

 Narrative synthesis of evidence was carried out. When appropriate data were available, pairwise analysis of 

 factors was carried out based on a random-effects model; based on the assumption that the effects being 

 estimated in the included studies are not identical but follow the same distribution. 

 The feasibility of quantifying relationships by indirect comparisons was explored. However, similar to 

 pairwise meta-analysis, indirect comparisons are feasible only when the studies are sufficiently 

 homogeneous; with the primary publications being comparable in terms of effect modifiers and a common 

 connecting treatment. For example, if ‘usual care’ or ‘placebo’ is the common comparator, the definitions 

 across individual studies need to be sufficiently similar to be considered a common comparator, with an 

 assumption of similarity or transitivity. When estimates from direct and indirect evidence vary substantially 

 beyond sampling error, the results are unreliable. 

 227 221



 Graphs were created through R-Studio, with preliminary graphing and data input on microsoft Excel. 

 Several R packages were used in preparation of this data and manuscript, including lme, RStan, ggplot, and 

 ggradar, ect (see appendix). Presented R graphical plots have a 2% vertical and horizontal jitter function 

 applied to the graph, to better enable visualization of individual subjects. All statistical tests were analyzed 

 by using statistical software ‘R’ (CRAN. R version 3.4 - 4.0). All results are presented as mean and standard 

 deviation (X ±  σ). 

 A one-sample Shapiro-Wilk tests were used to identify if the distribution of continuous data were 

 normally distrabuted, followed by a Levene test for equality of variances. Parametric and normally 

 distributed data were analyzed by ANOVA and unpaired Student’s T-Test, with η  G 
 2  and  g  Hedge  respectively. 

 Nonparametric, non-normally distributed, data were by Welch's ANOVA and Games-Howell post-hoc test. 

 For non-normal data, testing of two groups was via Mann-Whitney U biserial rank  r  bs, and for multiple 

 groups by Kruskal-Wallis, with effect sizes reported with ε  2  . Pairwise nonparametric comparison with 

 unequal variance was by Dunnett’s C test. Details can be found in the documentation for the package 

 ggstatsplot. 

 For correlations, Pearson’s correlation coefficient (  R  2  ) was calculated as a test of correlation between  two 

 continuous variables using a moving intercept model. If significance was found, Bonferroni’s test was 

 performed for post-hoc analysis to detect the differences among groups when equal variance was assumed. 

 Details can be found in the documentation for the R package ggpubr and ggstatsplot. 

 As 50 comparisons were evaluated, P ≤ 0.001 was considered to be statistically significant. Thus, the 

 P-value was set to 0.001 for this study. As discussed later in the chapter’s conclusion, a ‘true’ meta analysis 

 could not be conducted on these data due to failing to meet assumptions of homogeneity of underlying data. 
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 5.2.6.  Extracting and Normalizing Individual Primate Data 

 Here we detail what variables were extracted from primary publications, and how variables were grouped 

 to fit similar conventions. 

 Summary of infarct data formats IPD was collected as-is while group mean and SD/SEM data were 

 converted to individual data points by interpolation from group averages. The primary data of interest was 

 percentage of infarction, but infarction volumes, not percentages are commonly presented in the literature. 

 To convert between these measures, and to establish any difference between methods of extraction, required 

 converting all measures to a common result by having two of following three values; (1) the total volume of 

 the brain, (2) absolute volume of infarction, (3) percent infarction. A monkey's brain size differs depending 

 on sex, age, species, and population varriability, hence to make assumptions of the percentage of stroke 

 infarct volume in each animal, we had to establish the primate species, and approximate distributions of 

 normal total brain volume and variation of brain volumes in each species. 

 Grouping of subjects by primate genus was required as manuscripts were not identical in the exact terms 

 used to describe a given primate species, hence assumptions were required regarding the categorization of 

 each non-human primate genus. For example, some data was presented as the overall phylogenetic genus, 

 while other publications presented the individual species. Thus, to compensate for minor variations in the 

 type of NHP employed, all subjects were pooled into six main taxonomies, based on genus. For example, 

 this would condense the species papio anubis, papio hamadryas, papio papio, and papio cynocephalus, all 

 classified as ‘Baboons’ (  section 5.3.1; for review  see chapter 2.5  ). A summary for grouping of data  from 

 eligible source publications is shown in Table 11. 
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 In addition it was necessary to normalize total brain volumes by primate genus. There is a rich history of 

 morphometric studies in non-human primates which chart brain and body growth in various species (e.g., 

 Scott et al., 2016; Holt et al., 1975; Kerr et al., 1969; Sacher  &  Staffedlt 1974; Schultz 1933; van Wagenen 

 &  Catchpole 1956; Jerison, 2012 pg 397, Stephan, Frahm, Baron, 1981; Allman, McLaughin, Hakeem, 

 1992). Studies have reliably demonstrated the rate of brain growth slows dramatically between 3 and 4 years 

 of age (Dekaban 1978; Pfefferbaum et al., 1994; Scott et al., 2016). Sacher and Staffeldt (1974), and Holt et 

 al., (1975), suggest brain weight of infant rhesus monkeys is ~68 % of adult size. The consensus is that there 

 exists considerable individual differences in brain size, but that brain size is generally related to body size 

 and sex, with a linear fit of weight-body vs brain-weight data across species (Bronson, 1979, Carreira et al., 

 2016;  as discussed in section 2.5  ). Based on these  studies, w  e estimated the  total brain volumes for  NHPs 

 based on an equation of minimum brain volume at age 3 multiplied by a ratio of body weight at age 3, 

 against the estimated body weight of the investigation with a random-distribution for variance of body 

 weight in the study, and variance of brain volumes in the respective NHP population. For example, this 

 results in a 5 kg monkey in the study population ranging in brain volume from 106mL to 60mL (a result 

 nearly identical to Bronson, 1981). 

 Developing a method for estimating brain volumes allowed conversion of volumetric measures of 

 infarction (i.e., mL) to a percentage of brain volume employing these normative ranges by age, weight, and 

 species for each publication. The validity of this interpolation was compared against studies reporting both 

 absolute infarction volumes and relative percentage of brain injured. 
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 5.3 Results 
 5.3.1 Demographic Summary of Included Studies 

 Search yielded 4996 titles, of which the majority were excluded due to non-relevance. On abstract 

 screening, 730 publications were identified as potentially relevant, and an additional 9 publications were 

 identified from references. Of these 739 publications, 275 manuscripts were excluded for not pertaining to 

 focal ischemia; commonly using global ischemia models, or focal cortical lesioning. Thus, 455 papers met 

 criteria for data extraction. Upon screening, 60 publications were excluded by failing to report methods nor 

 results of MCAO, 272 manuscripts did not report infarct volumes, and 57 papers were excluded due to other 

 data issues, shown in (Figure 32, 33; 34). Several of these publications articulate influencing factors of 

 stroke, such as permanent  versus  transient models  and the concept of perfusion thresholds, but presented 

 data such that data could not be estimated. A total of 93 publications were found to meet criteria for this 

 analysis, and constitute the results presented. 

 Though investigations of NHP MCAO have existed since 1927, it was not until the 1990s that a marked 

 growth in reports of experimentation occured, likely due to the concept of stroke being treatible. Included 

 publications skewed towards recent years, with the mean being year 2006 (Figure 34). To identify how 

 excluded publications differed from included publications, a differential analysis between included vs 

 excluded studies was performed (see Figure 34), which suggest that approximately 25% of publications on 

 non-human primate stroke could be included in the present analysis. The distribution of demographics also 

 differed, with the cynomolgus macaque species comprising 45% of included subjects, versus only 27% of 

 the excluded population, and 195 of the excluded publications did not state the sex of the animals being 

 used, while only 34 of the included publications failed to report animal sex (Figure 34). Use of NHPs in 

 experimental research is rare. Meta-analyses of NHP MCAO by O’Collins et al., (2017) identified in 22 

 publications of primate cerebral ischemia. In comparison, this chapter identified 44 publications for that 

 time period (prior to 2017), and hence likely represents a more inclusive literature search by including more 

 publications and analysing additional covariates such as primate species employed. 
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 FIGURE 34.  Publications of NHP MCAO; Data on Excluded studies vs Included studies 

 Left: Cumulative sum and histogram of number of publications between 1930 - 2020. Identified publications ranged 

 from 1940 to 2019, with the median date of publication being ~1980. Reporting of study data has improved over the 

 last 30 years, prior to 1985, only 4 studies could be included with 114 excluded due to insufficient reporting of 

 infarction data, representing 3% of the literature in that period included in this analysis. However, after 1985 there 

 were 89 included of 247 published studies. This still represents only ~36% of literature published on primate stroke 

 presenting data meeting the criteria of this analysis. 

 Right: Pie charts on choice of NHP species. Excluded publications differed in their protocols, and reduced the 

 power of the current analysis. For examaple, the cynomolgus macaque species comprised 45% of subjects within 

 included publications, versus only 27% of the NHP population in excluded studies, and 195 of the excluded 

 publications did not state the sex of the animals being used, while only 34 of the included publications failed to report 

 animal sex. Overall, it is estimated over 3000 primates could not be included in the present analysis due to insufficient 

 reporting.  Figures by Harrison, 2022 
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 5.3.2 Demographic Summary of Included Animals 

 From the 93 publications included in this analysis, there were 1410 NHP subjects with 1998 individual 

 observations. A summary of the infarction volumes over time, by each publication, are shown in the 

 appendix, and a summary table of the subject demographics is presented in Table 12.On average, mean 

 sample size in the 93 included publications was 14 ± 13.5 NHPs, ranging from 1 to 116 NHPs. The majority 

 of publications used exclusively male animals (N = 51% of publications, n = 712 of 1410 NHPs ), while 

 exclusively female animals were of the minority of publications (N = 7.3% studies, n = 103 of 1410 NHPs). 

 However, many studies did not specifically state the sex of their experimental groups, with the remainder of 

 studies reporting a mix of male and female animals (N = 20.7% studies, n = 292 of 1410 NHPs), or sex not 

 being stated (N = 21%; n = 303). The most common species employed for included publications was the 

 Macaque, with Cynomolgus macaques used in 41% of publications (38 of 93), and Rhesus in 27% (26 of 

 93; total macaque population percentage 68%). In sum, the most common animal model was the use of 

 young male Macaques undergoing neurosurgical induction of MCAO (~ 25% of all subjects). 

 Group summaries of animal weights and ages were available for 88% and 45% of publications, 

 respectively. But, exact ages and weights of animals were not reported in most studies. In confirming 

 reported ages and related weights, ranges of animal age-weight were relatively well clustered, with an 

 exception of  (Hadley et al., 1989)  , who though stating  ‘young’ baboons, based on exact reporting of 

 volumetric scores, were estimated to be almost neonatal. 
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 Summary of animal demographic Data: 

 Study Batches  93 datasets (average 14 ± 13.5 animals per ) 

 Subjects  1,410 NHPs (1,260 included in original studies) 

 Data acquisition year  1980 - 2020 

 NHP Species  AfricanGreens, 17  Baboons, 224 
 Cynomolgus, 634  Marmoset, 41 
 Rhesus, 274               Squirrel, 48 

 Surgical Technique  Endovascular, 267  Neurosurgical, 971 

 MCAO Location  M1, 663  M2, 168  unk, 407 

 tMCAO / pMCAO  tMCAO, 986           pMCAO, 424 

 Treatment Allocation  controls, 864           drug.treatment, 546 

 Sex  M: 628 F: 94  M/F: 246 unk: 270 

 Infarct Volume 
 (Pooled Means) 

 9.6% ± 10.6%  0% min , 37% max 

 TABLE 12.  NHP Literature Review animal demographics 
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 Mortality and Exclusion of individual NHP Data 

 Though the initial search identified 1410 NHPs, primary publications reported that 150 animals 

 experienced mortality or were otherwise excluded. Of interest, M1 MCAO is estimated to have a 20% 

 mortality rate in humans. (e.g., Malhotra et al., 2017),  The majority of publications did not report mortality 

 or exclusions, with only 25 publications reported exclusions or mortality of animals. The reported mortality 

 ranged from a low of 4% (Furuichi et al., 2003, 2 of 48; Bosivert et al., 1989, 1 of 21) to a high of 60% 

 (Bouts et al., 2015, 5 of 7; Huang et al., 2000, 5 of 8 NHPs). with an average of 4.6 ± 4 NHPs being 

 excluded or having early or mortality (range 1 to 21 animals). Publications that reported mortality  reported 

 an average mortality rate of 25.5% ± 16%. 

 Most frequently animal exclusions reported by publications were due to early mortality (n = 135). 

 However, some studies also excluded animals (n =15) for other reasons. Some of these subjects (n = 5) were 

 inferred as being excluded due to misreporting of the number of animals assessed. Conversely, some studies 

 excluded subjects due to showing  no obvious signs  of a stroke, (n = 10). Though not explicitly reported, 

 several (N =7) studies mentioned failure to induce ischemia as a limitation, and a reason for animal 

 exclusion. However, few studies reported on the exact number of ‘failed-MCAO’ procedures. For 

 publications that did explicitly describe exclusion of subjects (similar to the ‘filtering’ of non-MCAO 

 respondent rats in Chapter 4) the rate of exclusions was high with three publications having an average 

 animal exclusion of 26%, (  Mori et al., 1995  , 25%;  Young et al., 1996, 27%; Gauberti et al., 2021, 27%). 

 That such a high rate of sham-stroke occurred in a few publications may be due to surgical proficiency, 

 variability among NHP subpopulations, or lack of incidence reporting. 

 Thus, a final dataset of 1260 animals (1775 individual observations) are the data used for the analysis. 
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 5.3.3  Results of Normalization for  Included Animals 

 A critical factor influencing infarct size is, of course, the size of the brain undergoing ischemia. At the 

 lowest level of analysis we have the individual NHPs, but these animals are part of larger units: such as the 

 specific publication or the overall species. This overlying layer constitutes a second level, and should be 

 performed as part of the analysis. Traditionally, such type of data is called nested: with participants “nested” 

 within studies or other factors. The following results illustrate Infarct volumes, as a percent or absolute 

 volume, by factors of species or the primary publication. 

 (1) Summary of infarct data formats: Of the 1260 subjects, the majority of subject data was interpolated 

 from group averages (n = 835, 59%), while 575 had individual NHP data present in the original manuscript. 

 Presented either as group means or individual animals, the primary data of interest of infarction volume 

 were equally presented as either ‘total infarction volume’ (i.e., mm  3  , mL, cm  3  , or cc; n = 629, 45%  of all 

 NHPs) or ‘percentage’ (i.e., %total brain volume, or %hemisphere; n = 652, 46% of all NHPs). Only eight 

 publications (constituting n = 57 NHPs) reported both these measures. 

 (2) normalizing total brain volumes by primate genus: Results of interpolated data for expected brain 

 volumes versus body weight based on genus is presented in Figure 35, and suggest a fairly good fit of body 

 weight to brain volume in a pooled population, (R  2  = 0.68,  p  <0.0001). Examining the distribution of  infarct 

 volume expressed as absolute units (mm  3  ), rather than  relative units (%), may provide insight of 

 distributions and variance among publications. An overview of included publications, and the reported 

 infarction volumes converted to millimeters cubed is shown in Figure 36, and a summary of pooled infarct 

 data by species is shown in Figure 37. 
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 FIGURE 35.  Interpolated Baseline NHP Brain volumes versus Body Weight Based on Genus 

 Comparison of reported animal body weights versus estimated brain volumes, calculated based on ages, 

 sexs, body-weights, and species reported.  Linear trend  lines are fitted to each species. Understandably, data 

 for low-weight species is difficult to visualize. * = p < 0.0001, ** = p < 0.00001, ** = p < 0.00001. 

 Figures by Harrison, 2022. 
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 Pooled volumes of infarction in millimeters cubed and numbers of publications using the species, were: 

 AfricanGreens x̄ = 6541 ± 5206 (Min = 200 Max = 24,000mm  3  ,  N = 1); Baboons x̄ = 9542 ± 12522 (Min = 

 0 Max = 69,130mm  3  , N= 21); Cynomologous x̄ = 8,605  ± 9,642 (Min = 0 Max = 52,000 mm  3  , N= 38); 

 Marmoset x̄ = 547 ± 604 (Min = 0 Max = 2,897 mm  3  ,  N= 5); Rhesus x̄ = 6,198 ± 6,174 (Min = 0 Max = 

 28,000mm  3  , N=25); Squirrel x̄ = 2,287 ± 1,893 (Min  = 30 Max = 6,500mm  3  , N = 2). In examining absolute 

 infarct volume pooled by species, regardless of other factors, significant differences were unsurprisingly 

 found for the mean volume of infarction in most cross-species comparisons. 

 Kruskal-Wallis test showed that NHP species employed had a significant medium effect on absolute 

 infarct volumes post-MCAO (χ  2 
 Kruskal-Wallis  5, n  obs  = 1778,  p  adj  <.0001, ε  2  = 0.09).  Post-hoc  test using  Dunn's 

 test with Bonferroni correction showed significant differences between larger NHP species versus smaller 

 NHP species (i.e., Baboons vs Marmosets,  p  adj  < 0.00001;  see Figure 36 for details). 

 However, results of means and variance for stroke volumes nested by publications ranged greatly. For 

 example, for Baboons, the smallest mean volume of infarction was 5.5 mL in one study (  Hadley et al., 

 1989)  , while another publication suggested mean infarction  volumes were five times larger at 25.2 mL (Wey 

 et al., 2011). Results of pooled variance of infarction volumes nested between studies using Baboons, 

 suggest 8.5mL of standard deviation, approximately 8% total volume of an adult baboon brain. 

 Of interest, we compared reported results of converting brain volumes to a percentage through 4 of the 93 

 manuscripts providing exact data on volume of infarction and percent infarct volumes. Normalizing 

 ischemic volumes into a percentage appeared appropriate for 3 of the 4 (R  2 
 adj  > 0.83;  data not shown  ). 

 However, the fourth publication presented results of infarct volumes which were very small, and it is 

 possible this result stemmed from misreporting units of measurement, resulting in a scaling error (i.e., mm3 

 vs mL, with a difference of x1000). 
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 FIGURE 36.  Literature extracted NHPs  reported infarct volumes as millimeters cubed 

 Top: Box-plots for Infarct volumes in all animals (mm3) within each of the included publications, separated 

 by species. Lower Statistical differences of infarct volumes by species.  Figures by Harrison, 2022. 
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 To confirm results regarding study heterogeneity, and eliminate possible bias introduced due to the 

 assumption of interpolation of infarction volumes, we examined the subset of studies in which volumes of 

 MCAO infarction were reported and segregated as receiving no novel treatment intervention (N = 44 

 studies, 612 observations). These results suggested that, among publications using the same species and 

 providing reports of brain infarction as a volume (i.e., mm3, mL, cc) in control animals, there was a strong 

 effect of the publication on absolute infarct volumes post-MCAO, with multiple highly significant post-hoc 

 pairwise comparisons (i.e., Baboons; χ  2 
 Kruskal-Wallis  8, n  obs  = 90,  p  adj  <.0001, ε  2  = 0.47; Cynomolgus; 

 χ  2 
 Kruskal-Wallis  18, n  obs  = 337,  p  adj  <.0001, ε  2  = 0.57; Rhesus; χ  2 

 Kruskal-Wallis  18, n  obs  = 185,  p  adj  <.0001, ε  2  = 0.61; 

 data not shown  ). 

 This effect was similar when data were filtered to only those subjects receiving placebo treatment, and in 

 which exact reports of infarction volume per-subject were available (N = 30 studies; 280 observations). 

 These results similarly suggested large variance at a volumetric level within species (i.e., Baboons, 4791 ± 

 7948mL; Rhesus, 4435 ± 5293 mL; Cynomologus, 3077 ± 2970 mL;  data not shown  ). Overall, as a 

 volumetric measure, the coefficient of variance of the MCAO model in control animals averaged 90%. 

 (3) Normalizing percent brain infarction volumes per subject; a prefered method of examining individual 

 NHP subjects is examining relative infarct volumes, expressed as a percent of the total brain volume. By 

 normalizing to relative volume, comparison across species is possible by negating confounds of initial brain 

 size due to species, age, or weight. Following estimating baseline brain volumes, we then compared the 

 result of absolute infarction volumes (mm  3  ) versus  body weight. One would expect that, similar to section 

 2.5 Figure 18, the infarction volumes would have a linear relationship to body weights, as larger brains have 

 a larger MCA territory to be infarcted. Though significant, only a weak dependency was seen of overall 

 brain size in affecting absolute infarction volumes across all NHPs (R  2  = 0.06,  p  adj  < 0.00001;  data  not 

 shown  ) 
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. see Figure 38).



 FIGURE 37.  Results of normalization of infarction volumes to total brain volume. 

 Note log_10 x axis scale for better visualization of the data. A)  Pooled results of animals showed 

 nonsignificance of brain size in affecting relative infarction volumes. B) cynomolgus macaques did show a 

 weak but significant negative relationship of size to infarction volume. C)  Statistical differences  of infarct 

 volumes by species. These results are similar when only examining animals part of control populations 

 (  data not shown  ).  Figures by Harrison, 2022. 
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 5.3.4  Analysis of Drug Effect Investigations 
 Four factors relating to therapeutic intervention are of interest; (1) within each study, how many reported a 

 positive drug treatment effect, (2) at what time was treatment administered, (3) what effect, if any, was seen 

 in the mean infarction volumes of Control animals Animals, and is this data homogeneous, (4) what effect, 

 if any, was seen in the mean infarction volumes of animals receiving treatment versus mean infarction 

 volumes of those which did not. (5) Overall, for those publications reporting treatment benefit, what are the 

 meta analytic statistics of treatment effect and heterogeneity? 

 Of 93 publications eligible for analysis, 42 studies (45%) evaluated novel therapeutics; with results of data 

 extraction in each study, by treatment vs control groups over time, shown in Figure 38. Of these 42 studies, 

 the species employed were almost exclusively old world monkeys, with baboons, rhesus, or cynomolgus 

 monkeys being 92% of all subjects. Treatment was reported as superior to the control condition in 35 of 42 

 studies. Thus, 80% of studies investigating treatment effects reported treatment reduced infarction volumes. 

 Of these 42 publications, they generally examined 21 treatment strategies, with notable examples including 

 pharmacological treatments, such as NXY-059 (see Marshall et al., 2003), and gross physiological 

 perturbations such as ischemic limb preconditioning (Guo et al., 2019). 

 A broad array of infarction volumes were observed among control groups, and treatment groups of each 

 study. Treatment efficacy ranged significantly, but the stated average amount of protection was a 42% 

 reduction of infarction volumes due to treatment.  In some instances, absolute differences for a reduction in 

 infarct volume exceeded 20% total brain volume (e.g., Madea et al., 2005, controls 30% vs 10%;  Cui et al., 

 2006, controls 25% vs 8%;  Chandy & Ravindra, 2000  ,  control 40%, treatment 10%). However, some reports 

 appeared inaccurate (i.e. ‘85% reduction of cortical infarction size’ though difference was 8% vs 2.5%; see 

 Firituchi et al., 2003). Increased injury was also seen in some treatment conditions. For example, Mocco et 

 al., (2006) suggested treatment was associated with 9% greater total brain infarction. Only two compounds 

 were reported as consistently inferior to controls (  Auer et al., 1996  ; Mocco et al., 2002; Ducruet et  al., 

 2007), while two other interventions, being hypothermia and vitamin C, had mixed reports of efficacy. 
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 Conversely, one would expect that percentage infarction volumes would negate confounds of initial brain 

 size and thus would not have a significant relationship to body weights. Pooled results of animals showed 

 nonsignificance of brain size in affecting relative infarction volumes (R  2  = 0.005,  p  adj  > 0.001; Figure  37a). 

 However, one species did show a weak but significant negative relationship of size to infarction volume 

 even when expressed as a ratio of total brain volume, but the direction of this relationship differed to the 

 other examined species (i.e., Cynomolgus, R  2  = 0.04,  p  adj  < 0.001; Figure 37b). Results of χ  2 
 Kruskal-Wallis  test for 

 all post-MCAO NHP volumes of relative infarction (i.e., %) pooled by species suggest this did decrease the 

 effect of species on infarct size (ε  2  = 0.02; Figure  37c), with one test suggesting significant differences 

 between species (i.e., Baboons vs Cynomolgus;  p  adj  <.001.; Figure 37c). 

 However, similar to analysis performed using absolute volumes of infarction, there was significant 

 variance of stroke volumes across all publications. The percentage of infarction relative to the total brain 

 volume was in some studies reported being < 0.5% (i.e.,  Hoff et al., 1975  ,  Hadley et al., 1989  , Li et al., 

 2016; 2018), while other publications averaged infarction volumes > 20% (i.e., Wet et al., 2011). Pooling all 

 subjects and all observations, irrespective of species or publication, suggested the average infarct size is 

 equivalent to 8.7±9.2% of the total brain (CoV = 106%). If results were weighted by each primary 

 publication, publications on average reported infarction volumes as 8±6.5% (CoV = 81%). 

 To see if this high variance was due to other factors, we examined what influence, if any, was still seen 

 from other variables. When subsetting the data to only those publications which reported primary outcome 

 measures as a percentage, the pooled infarction volume was 10.6± 6.6% (CoV = 61%), and strong 

 significant effect of publication on percentage infarction volume (χ  2 
 Kruskal-Wallis  92, n  obs  = 1119,  p  adj  <.00001,  ε  2 

 = 0.56;  data not shown  ). Testing by Mann-Whitney suggested  a small-to-moderate effect studies which 

 reported percentage rather than volumes as having larger infarction (  r  bs = 0.26,  p  adj  < 0.01;  data  not 

 shown  ), though this was not seen in all species (i.e.,  Cynomolgus, 5% vs 12%;  r  bs = 0.26,  p  adj  < 0.01;  vs 

 Rhesus 6% vs 4%;  r  bs = 0.08,  p  adj  = 0.2). 
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 FIGURE 38.  Data from 42 studies investigating treatment vs control, and raw data available 

 Individual results of post-MCAO infarction volumes in NHPs  (Figure continues on next page) 
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 (.continued.) 

 Each box is a publication, and each dot is a NHP. Lines indicate group level averages. 

 Figure by Harrison, 2022. 
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 Time of Treatment Administration 

 As discussed in section 1.4.3 and section 3.3.3, time to treatment (TTT) is considered a key predictor of 

 post-stroke outcomes. Understandably, treatment time is protracted in clinical trials compared with 

 experimental models; as researchers can obviously anticipate when an animal is going to receive an 

 ischemic injury. However, this means that preclinical treatments can be administered at a time which is 

 unrealistic for stroke patients. Indeed, a common criticism of pre-clinical stroke trials is that treatments are 

 administered prior-to injury. Such ‘pretreatment’ strategies rarely reflect clinically relevant scenarios, the 

 exceptions being pre-treatment in a high risk procedural setting like cardiac bypass, carotid artery stenting 

 or aneurysm coiling. Unfortunately, the majority of studies (54%) administered the compound up to 10hs 

 prior to stroke onset, and 72% initiated treatment within 5 minutes of ischemia. That only 12 (28%) studies 

 administered treatment after an hour of ischemia is a concern for medical translation, as less than 5% of 

 stroke patients present to hospital and are treated within 60 min (Saver et al., 2016). Overall, the mean TTT 

 was 55min, though due to the skew of the data, median TTT was 5 min post-stroke (see Figure 39). 

 Percent Infarction Volumes of Control Animals 

 To perform a meta analysis, one must first check assumptions of a meta analysis. Specifically, homo- 

 geneity of underlying data. Surprisingly, though mentioned in published research papers and statistical 

 textbooks, the author could not find common methodologies for assessing homogeneity in control 

 populations (e.g., Kline, 2008, pg 65). Heterogeneity estimators such as Cochran’s Q and derived Higgins  H 

 2  , Thompson’s  I  2  and τ  au  2  include variance of controls,  but also incorporate variance of treatment groups. 

 Thus, there appears no formal method for rejecting the null hypothesis of heterogeneity in control 

 populations. Here, a semi-quantitative and qualitative approach to confirming assumptions required for meta 

 analysis was performed. The dataset was filtered to only those animals which were controls (i.e. placebo or 

 normal saline experimental arm). Qualitative results suggested no difference in the distributions of weights 

 nor ages were in the dataset in comparing treatment vs control NHPs. 
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 FIGURE 39.  Time to Treatment for NHP MCAO  studies investigating treatment vs control 

 Study-level results of Time to Treatment (TTT) administration of novel treatments in publications 

 reporting on novel treatment effects in the NHP model of stroke. N = 42 publications. The most common 

 TTT was within 5 min post-MCAO, which is not reflective of real-world stroke patients. 

 Figures by Harrison, 2022 
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 Values of infarction in control animals of these 42 publications did not meet assumptions for normality, 

 nor equal variance (i.e., shapiro test, W = 0.86; p < 10  - 29  ). Preliminary examination of these data  suggested 

 larger than expected volumes of infarction, and significant heterogeneity, within control subjects. For 

 example, while four studies reported infarction volumes in controls as less than 0.5%  (Hoff et al., 1975  , 

 Hadley et al., 1989  , Li et al., 2016; 2018), five  publications suggested mean infarction volumes per subject 

 were between 20% to 30% of total brain volume (Chen et al., 2015;  Chandy  & Ravindra 2000)  ; Kawaguchi 

 et al., 2005 ; Bahjat et al., 2011; Guo et al., 2019). Of interest, the lowest within study variance of control 

 subjects was in those studies showing the largest overall mean volume of infarction (e.g., Tsukada et al., 

 2004; 34.2 ± 2.3%, n = 4 controls CoV = 9%; or,  Chandy  & Ravindra 2000  35.8 ± 3.1%, n = 4 controls; 

 CoV = 10%). The highest pooled study variance was Umemura et al., 2005 (x̄ = 3.8±7%; CoV = 183%), 

 with Umemura and colleagues suggesting variance of infarction in control subjects was 9.2 ± 9.9% (CoV = 

 107%). Overall, average percent of total brain infarction in control animals was 7.8 ± 4.6% (median = 

 5.3%), meaning that standard deviation of the mean (CoV) was approximately 60%. 

 Results from section 5.3.3 suggested there may be a confounding effect of species, and publication in the 

 present data. Results in  section  5.3.3 did not however  remove experimental animals. Thus, an analysis of the 

 mean infarction volumes by publication was again performed, but including only on those subjects in 

 control groups, with results shown in Figure 40. Results of χ  2 
 Kruskal-Wallis  test for all placebo percentage  brain 

 infarction pooled by species suggest a still mild effect of species on infarct size (ε  2  = 0.04; Fig 40b). 

 S  ignificant study heterogeneity was still seen when  treatment arms were removed, with results of 

 χ  2 
 Kruskal-Wallis  test for all post-MCAO NHP volumes  of relative infarction (i.e., %) grouped by publication 

 suggest a strong effect of publication on infarct size in control animals (ε  2  = 0.53; Fig 40a;  Fig 41).  Indeed, 

 pairwise comparisons of control populations per-publication, versus all controls pooled together suggest, of 

 publications examining novel treatments, the control population significantly differed from pooled controls 

 in 26% of studies (Dunns tests with Bonferroni correction;  p  adj  <0.01;  data not shown  ). 

 248 242



 FIGURE 40.  Results of normalization of infarction volumes to total brain volume in control NHPs 

 A) Infarct volumes (ratio of total brain volume) as Box-plots within each of the included publications, 

 separated by species, and filtered to only control / placebo treated animals. B) Data as in A, but with 

 statistical tests grouped by species.  Figures by Harrison,  2022 
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 FIGURE 41.  Quartiles and Estimated Probability density of  Percent Infarction Volumes in control NHPs 

 All data as in Figure 40; A) Percent infarct volumes (ratio of total brain volume) as volumes of infarction. 

 Analysis of the effect of study in infarction volumes suggested that the data were skewed, and a large effect 

 of study on results with ε  2  = 0.53.  B)  Percent infarct  volumes (ratio of total brain volume) as volumes of 

 infarction as in (A), but log_10 x axis scale to aid visualization of the data.  Figures by Harrison, 2022 
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 Pooled Experimental Treatment Efficacy; Treatment vs Controls Over Time 

 As 35 publications reported a positive effect of treatment in reducing volumes of infarction, it should be 

 reasonably expected that pooling all control animals, including those studies which did not evaluate a drug 

 treatment,  versus  the animals reported as having benefit  from drug treatment would significantly show favor 

 of treatment. Similar to control populations, values of infarction in animals receiving treatment did not meet 

 assumptions for normality, nor equal variance (i.e., Shapiro test, W = 0.803; p < 10  - 35  ) at any point  of time. 

 The average percent infarction volume for animals receiving treatment was 7.8 ± 4.6% (n  treatment  =  656, 

 median = 5.3%), meaning that standard deviation of the mean (CoV) was approximately 60% of the mean. 

 By comparison, average percent infarction for pooled control animals was 7.7 ± 5.1% (n  control  =  1,119, 

 median = 5.8%; CoV = 67%; Mann-Witney  p  =.11;  r  bs  = 0.05.  n.s, data not shown  ) 

 Surprisingly however, though these 35 primary publications reported positive effects of treatment, when 

 pooling studies there did not appear to be large treatment benefits. Pooled results of percent total infarction 

 volumes for treatment  vs  controls animals over time  suggest treatment was statistically superior to controls 

 at 24hrs (n  control 24h  = 193  vs  n  treatment 24hr  =  190;  p  adj  =0.003; median  control 24h  = 6.2%  vs  median  treatment 24h  = 4.7%) 

 but longitudinal trends did not support a difference over time to 30 days post-MCAO (n  control 30d  = 139  vs  n 

 treatment 30d  = 137;  p  adj  =0.003; median  control 30d  =  5.9%  vs  median  treatment 30d  = 4.2%; see Figure 41) 

 Similarly, when all subjects and studies were collapsed by time, there was no significant difference 

 between pooled control versus treatment populations reported as having a beneficial reduction of brain 

 injury (Mann-Whitney-Wilcox; n  control  = 949  vs  n  treatment  =  461; median  control  = 6.7%  vs  median  treatment  = 5.3%;  p 

 > 0.1,  r  bs  = 0.05,  n.s, data not shown  ). Surprisingly,  there was also no difference between controls and 

 treated animals when only examining for the 35 publications reporting a positive effect of treatment 

 (Mann-Whitney- Wilcox; n  control  = 353  vs  n  treatment  =  461; median  control  = 8.5%  vs  median  treatment  = 5.3%;  p  = 0.1, 

 r  bs  = 0.22,  data not shown  ). 
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 FIGURE 42.  Pooled Treatment vs Control infarction volumes post-MCAO in NHPs over time 

 Treatment effects reported as being beneficial should be noticable when pooled and compared against 

 control subjects over time. Boxplots indicate the span of observations at that time point for treatment vs 

 control NHPs. Coloured dots are subjects, and coloured lines are the 4-point moving average of the data. 

 Top numbers indicate mean and SD at the time point,  p  is an unadjusted Wilcox test statistic of the two 

 samples at one point in time. Surprisingly, there appears to be little difference in treated animals. Pooled 

 results of NHPs receiving treatment suggest significantly worse volumes of infarction at 3hrs post MCAO, 

 but significantly better volumes of infarction at 24hrs. However, significant benefits would not meet 

 statistical criteria of significance when accounting for multiple comparisons. These data should be viewed 

 with caution, as not all studies used the same time points, and thus allocation of animals over time is likely 

 unequal and may cause bias.  Figure by Harrison, 2022 
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 Pooled Experimental Treatment Efficacy; Treatment vs Controls by Publication 

 To further examine the influence of the publication, percent volumes of infarction per-subject were 

 collapsed as a linear average for time and tests performed. An analysis was again performed examining only 

 those subjects in control groups, with Kruskal-Wallis χ  2  suggesting a still mild effect of species on infarct 

 size (ε  2  = 0.05;  data not shown  ), and again a large  effect of study on infarct volume (ε  2  = 0.83;  data  not 

 shown  ). We attempted to replicate findings of treatment  benefits stated in the primary publications. 

 Specifically, to establish if all studies reporting treatment benefit, would again have significant differences 

 between control vs treatment based on data of the original publications. Shapiro test indicated that, in no 

 study, were per-subject percent volumes of infarction in treatment or control groups normally distributed. 

 Serial Dunns’ test suggested that, though 80% of publications examining novel treatments stated a benefit of 

 treatment, present results suggest significant benefits were present in only 30% of studies (see Figure 42). 

 Lastly, studies reporting treatment benefits or examining similar compounds, were analysed by metanalytic 

 mean-differences to obtain an overall estimate of effect size, with results shown in Figure 43. Pooled 

 beneficial treatment effects suggest a 4% reduction of infarction volumes. However, estimates regarding 

 variance among studies due to heterogeneity suggest almost all variability in effect size estimates is due to 

 the heterogeneity of studies, rather than sampling error of the population (I  2  = 98%, H  2  = 83%) 

 Other Factors may mask treatment effects and prevent meta analysis of Treatment vs Controls 

 Present results suggest the data fails to meet assumptions of a homogeneous population. However, present 

 results fail to answer why the data are heterogeneous, and what other factors may influence post-MCAO 

 outcomes. Thus, though not the explicit goal of the cha  pter, the remainder examines what influence, if  any, 

 may be attributed to other more specific methodological factors in the primary research publications, such as 

 surgical techniques, time and methods of infarct measurement, and duration of ischemic occlusion. 
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 FIGURE 43.  Test of significance to confirm published results of treatment vs control effects 

 Each box indicates a study, and is similar to Figure 38, but removing time as a factor. Data are evaluated 

 by serial Dunns’ test with bonferroni correction. (continued on next page) 
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 (continued from previous) Each dot is the simple average value of infarction volume per-subject, similar 

 to Figure 38 collapsed over time.  p  values are adjusted  for multiple comparisons, with only significant 

 differences shown. P < 0.001 is considered significant. Violin plots indicate the frequency distribution of 

 subjects in treatment vs control; similar to a population distribution / density plot.  Figure by Harrison,  2022 
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 FIGURE 44.  Meta Analysis of Treatment vs Control in studies; Mean-Difference Forest-Plot 

 As serial tests of significance are not optimal for evaluating these data, we used a traditional meta analysis 

 approach. Here, we did not remove effects of variance in controls, and estimates of treatments effect 

 per-study were estimated by the’ Mean Difference Random Effects’ model. The plot indicates the amount of 

 beneficial effect reported by studies, with the blue diamond indicating the estimation of mean underlying 

 effect size among the studies regarding treatment vs control. Other data commonly reported in meta 

 analysis, such as I  2  and H  2  , and confidence intervals  are presented. Overall, these results suggest that there is 

 a small benefit of reportedly beneficial treatments, conferring a 4% reduction of infarct volume, but the 

 heterogeneity of studies suggests that they are almost incompatible.  Figure by Harrison, 2022 
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 5.3.5  Influence of Surgical Technique of Stroke Induction on Resultant Infarction Volume 

 Two general MCAO techniques exist: (1) craniotomy or craniectomy, and (2) endovascular techniques 

 (see section 2.5). Surgical techniques can be subset into four categories; (1) MCA branch occlusions - 

 surgical - via cauterization, clips, ligation, endothelin-1, or a photochemical dye; (2) Multi-vessel occlusion 

 - surgical - where MCA and additional vessels such as the ACA and/ or CCA are occluded; (3) MCA origin 

 occlusions -endovascular - via filament or catheter; (4) and thrombo-embolic -endovascular - models where 

 the occlusion location is not controlled. Previous work has found that strokes of different etiologies may be 

 associated with different sized infarcts (e.g., Brott et al., 1989), and mortality (e.g., Wu et al., 2016; Zhang 

 et al., 2015). As such, we examined what influence surgical methods may have on infarct outcomes. 

 Surgical Methods Employed 

 Several studies suggest endovascular techniques result in greater reperfusion injury (Yang and Betz, 1994) 

 though not always (Memezawa et al., 1992). Similarly, neurosurgical techniques confer smaller ischemic 

 injuries (e.g., Young et al., 1997), though not always the case (e.g., Crowell et al., 1981). In the present data, 

 the most common mechanism of stroke induction utilized a cranial window, being 80% of individual 

 animals (59 studies), while only 20% involved endovascular techniques (35 studies). As studies investigate 

 different time points, repeated measures ANOVA is not possible. Qualitatively, a difference in infarction 

 may depend on surgical technique employed (see Figure 44), with endovascular techniques conferring 2% 

 decrease in infarct volume (x̄  endo  = 6.5 ± 3.6%,  vs x̄  surg  = 8.7 ± 5.1%;  n.s. Wilcox, p  = 0.15). Though 

 endovascular trials trended towards smaller infarction, we can not support or refute the claim that the size of 

 the infarct was modified by occlusion technique. For example, examining the overall infarct volume in each 

 species depending on endovascular or neurosurgical techniques suggests that, in Marmosets, mean percent 

 infarct volume was significantly different (5.3% (  389mL)  versus 13.1% (1151mL; p <0.001;  data not 

 shown  ), though no significant effects were seen in  other species. 
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 Mortality relative to Surgical technique 

 Contradictory evidence is present regarding the influence of endovascular or neurosurgical techniques on 

 mortality. For example, hemi-craniectomy is commonly employed by neurosurgeons in cases of LVO and 

 traumatic brain injury, as the opening of the cranium provides a relief of pressure due to post-infarct 

 swelling (e.g., Vahedi et al., 2007). Thus, it is possible that neurosurgical techniques using a craniectomy 

 would logically have reduced mortality. 

 Surprisingly, though infarction volumes were smaller in subjects undergoing endovascular MCAO, the 

 rate of mortality from endovascular techniques was higher though not statistically significant (mortality 

 endovascular; 25 ± 10%; u = 33%, versus neurosurgical, 19 ± 7%; u = 20%;  Wilcox  p  = 0.06, Figure 44). 

 Though qualitative, in comparing results of surgical technique on mortality, to results of surgical technique 

 on infarct size, these data suggest that neurosurgical techniques had larger infarction volumes, yet reduced 

 mortality. 

 However, neurosurgical techniques access does not necessarily imply a defect of the cranium post-MCAO, 

 as the cranium can be closed either by acrylic fillings or replaced bone flaps; referred to as a ‘craniotomy’. 

 Also, endovascular techniques could theoretically employ decompressive craniectomy post-MCAO. Of 

 interest, several  of the reviewed papers  used incorrect  terminology, with over ten of the surgical 

 investigations stating that a ‘craniectomy’ was performed, meaning that the bone flap was not replaced, but 

 then stating that the surgeon did indeed close the skull. Switching of terms ‘craniectomy’ with ‘craniotomy’ 

 may appear minor, but could have implications regarding the morbidity and mortality of the models. That 

 these terms were conflated hinders analysis of the effect of decompressive craniectomy in NHP models. 
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 FIGURE 45.  Effect of MCAO Surgical Technique on infarction and mortality 

 Qualitative analysis suggests that endovascular techniques confer smaller lesion volumes. However, this 

 may also be a survival bias, as there is a trend for greater mortality in NPs undergoing endovascular 

 techniques.  Figure by Harrison, 2022 
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 Occlusion Location on Infarct Volume 

 An additional factor relating to surgical technique is the location of occlusion, which may influence 

 infarction volumes. Past literature suggests M2 occlusion causes a smaller penumbra leading to smaller but 

 less variable infarction, while M1 occlusion theoretically has more tissue at risk but also opportunity for 

 collateral flow, resulting in larger but more variable infarction volumes. 

 In the present analysis, the majority of animals (n = 768) were reported as receiving an M1 occlusion, 

 and M2 occlusion being the minority (n = 198). However, the location of occlusion was commonly not 

 reported, with 31% (n = 444) of the NHP population having an unknown occlusion location. Publications 

 reporting an M2 occlusion were significantly more likely to have larger infarct sizes (Figure 45). The 

 generalized effect-size squared (  η  G 
 2  ) was small, with  a value of 0.03, interpreted as a minor influence in 

 comparison to population variance. 

 This present analysis lies in agreement, and disagreement, with past reports regarding the effect of 

 occlusion location on infarct volume. For example, work by Cook et al., (2012) in macaques identified 

 occlusion on M1 before or after the orbitofrontal branch determines the extent of collateral flow, with more 

 distal occlusions resulting in a larger infarct. However, in contrast to past literature and well characterized in 

 rodent stroke models, such as work by Ginsberg and Busto (1989) and Carmichael (2005), the effect of 

 occlusion location in NHP models appears to be at most 3%. Individual studies have investigated the effect 

 of occlusion location in NHPs, and supported M1 occlusions resulting in larger injuries (i.e. Zhao et al., 

 2014; Chen et al., 2015; Wu et al., 2016); however, this was not clearly supported by the current analysis. 

 These conflicting findings may relate to differing species having differing influences of occlusion location. 

 Additionally, this result may stem from low reporting and challenges in specifying occlusion location (as 

 discussed in Section 1.5). Many studies were vague on defining an M1 vs M2 occlusion, or what, if any, 

 anatomical reference was used. Information on occlusion location, if provided, may aid future researchers in 

 better estimating the characteristics of infarction and confirming reported results. 
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 FIGURE 46.  Effect of MCA occlusion location on infarction volumes 

 Points are observations of an animal, and lines are average (LOSSY) splines for each MCA occlusion location, and 

 surgical technique. ANOVA suggests a mild effect of occlusion location, and surgical technique on infarct size. 

 Qualitative analysis suggests there was no apparent difference in lesion volumes based on the reported location of 

 occlusion. Analysis of these data is hindered by low reporting of occlusion location in the included publications. 

 Figure by Harrison, 2022 
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 5.3.6  Influence of  Temporal and Method Factors in  Measurement of Stroke Infarction 

 Duration of Occlusion 

 The relationship of ischemic duration on final injury was first proposed over 400 years ago. Extensive 

 evidence supports that earlier restoration of blood flow results in better outcomes, with prolonging time of 

 ischemia increasing infarct volume (see section 1.6). Recognition of stroke as a medical emergency, and 

 requiring immediate action, is underwritten by several trials finding benefit when removal of offending 

 occlusions occurs within the first four and half hours following stroke. 

 However, post-ischemic recanalization can result in hyperaemia, or “luxury” perfusion (e.g., Sundt & 

 Waltz, 1971;Wegener et al., 2013 ). In the  studies  analyzed in this chapter  , two general categories  of 

 ischemic length were identified; transient MCAO (tMCAO), in which blood flow is eventually restored, and 

 permanent MCAO (pMCAO), in which blood flow is not restored. 

 Experimental transient ischemia in primates ranged from 15min (N = 1,  Boisvert et al., 1989  ) to over  6 

 hours (N = 5). Durations of ischemia fell into 9 categories; <60min (N=3), 60min (N = 14), 75 min (N=2), 

 90min (N=3), 120min (N=6), 180min (N=17), 240min (N= 6), 360 min (N=4) and ‘permanent’ (N=37). 

 Variance from these timepoints  was caused primarily  by  endovascular clot techniques, which reported 

 varying time-to-recanalization due to clot degradation (see Figure 46). Though pMCAO composed the 

 largest individual measure, 60% of publications used a tMCAO model. Average ischemic duration in 

 tMCAO publications was 145min. At an individual subject level, median duration of tMCAO ischemia was 

 120min, (x̄ = 167min ± 20min), and over 75% of NHP infarct measures related to tMCAO. Current 

 recommendations regarding MCAO models suggest a minimum of 90–120 min of ischemia (Durukan and 

 Tatlisumak, 2007), with the majority of tMCAO models being within this duration (n = 868, 65% of 

 tMCAO NHPs). 
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 Previous work has suggested that transient endovascular occlusion, with ischemic durations greater than 

 3h, had larger cerebral damage than permanent models, but that this effect was not seen with neurosurgical 

 models (Molina et al., 2001; O’collins et al., 2017).  In contrast to previous literature, our findings  appear to 

 be opposite (see Figure 46a). Of note, statistical analysis of these data are challenging, as data fail to show 

 normal distribution (Shapiro test p <0.001) across timepoints, and publications do not use similar 

 timepoints. Thus, interpretation of these results should be with caution. 

 Data from the NHP post-MCAO population suggest that pMCAO via endovascular techniques resulted in 

 larger infarction volumes than endovascular tMCAO. Specifically, as shown in Figure 46, when discounting 

 the time infarct was measured, endovascular pMCAO resulted in lesions being 10.5 ± 6.1% of brain volume, 

 whereas endovascular tMCAO was 4.7 ± 4.9% total brain volume (Wilcox  p  = 0.01). 

 This result is surprising, as pMCAO would theoretically not result in the vasogenic edema. However, this 

 effect may be explained by the infrequent temporal sampling  undertaken in the studies that used  the 

 endovascular pMCAO technique, biased to acute time periods. Second, Transient endovascular  versus 

 Transient neurosurgical techniques tended to have a shorter duration of occlusion in tMCAO models 

 (143min versus 167min; respectively), thus possibly contributing to this result. Third, when comparing these 

 results against the mortality metrics, it is possible that this result reflects a survivorship bias (e.g., Sy et al., 

 2009). As endovascular methods do not provide decompressive hemicraniectomy, it may be that apparently 

 smaller endovascular tMCAO infarctions were due to fatalities, and thus exclusion, of animals which did 

 experience larger infarction or edema. 
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 FIGURE 47.  Effect of MCA occlusion duration on infarction volumes 

 Points are observations of an animal, and lines are average (LOSSY) splines for each ischemic duration and technique. 
 Kruskal-Wallis test suggests a mild effect of surgical method and duration of ischemia on infarct size  (ε ��� =  0.04). Dunn’s post-hoc 
 test suggest that there was significant differences between endovascular tMCAO and pMCAO (p < 0.0001), endovascular vs 
 surgical pMCAO (p < 0.01) , endovascular vs surgical pMCAO (p < 0.0001), but not between pMCAO and tMCAO surgical 
 techniques.  A) animals undergoing tMCAO, shown by  surgical technique. B) Animals undergoing pMCAO. C) All animals and 
 observations of infarct measurement grouped by duration of ischemia, it was expected that a trend of longer ischemic durations 
 would result in larger infarction.  Figure by Harrison,  2022 
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 Infarct Size Depending on Method of Measurement 

 An additional effect may occur due to varying quantification methods for estimating infarct volume. 

 In animal studies, ischemic damage can be directly inferred by a range of methodologies, such as in-vivo 

 imaging or ex-vivo histology. For early investigations (1930-1980), histological techniques predominated. 

 However, immunohistochemical markers may be more sensitive to post ischemic changes, leading to larger 

 infarction estimates (Carmichael et al., 2004). A preferable method is neuroimaging, as it allows repeated 

 measurements, and publications comparing infarction estimates of histology and MR imaging having good 

 correlation at the same time point (e.g., R  2  = 0.69;  Milidonis et al., 2015). At present, there are no 

 descriptions regarding normative methods for evaluating infarct post-MCAO in NHP species. Results of the 

 use of various infarction estimation methods in the 93 included publications are presented in Figure 47. 

 Several publications, ~32% (N=30),stated using multiple techniques to estimate a volumetric histological 

 outcome measure following NHP MCAO. However, only five publications used multiple methods at the 

 same time point (N= 5). For example, Saski and colleagues (2011) found in ten NHPs pearson correlation of 

 TTC histology and MR DWI at 48 hours was R2 = 0.92; while Zhang and colleagues (2011) using five 

 monkeys had a pearson correlation of TTC histology and MR DWI at 48 hours of R  2  = 0.85. Several studies 

 provided descriptive comments of multiple techniques, but did not explicitly run correlations of these data 

 (e.g.,  Gelb et al., 1989;  Cook et al., 2012). Thus,  delineation of brain lesions, by histology or MR imaging, 

 is thought to have good correlations at the same time point, but, due to the lack of paired infarction volumes 

 by various techniques, direct analysis for the effect of measurement method in these studies is not possible. 

 Infarction volume was determined by imaging alone in 85% (N = 82) of studies, whereas 43% (N = 40) of 

 studies used histology alone. Only 24% (N = 22) of studies reported using both neuroimaging and 

 histological assessment of infarction volume. Of interest, studies reported using imaging as part of the study 

 protocol, over 10% of manuscripts (N = 9) did not provide data on these additional timepoints. In other 

 words, studies using multiple methods failed to report related data. 
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 FIGURE 48.  Employment of various methods for estimating infarction volumes 

 See text for details. Upper, count of measurement method use over post-MCAO time-course in NHPs. 

 Lower, cumulative use of that measurement method.  Figure by Harrison, 2022 
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 Infarct Size Depending on Time of Measurement 

 Current consensus in the field of stroke is that ischemic volumes change over time. As time progresses 

 after stroke onset, the amount of brain damage increases to reach a maximum at about day 2–4 poststroke 

 (Lansberg et al., 2001; Schwamm et al., 1998), after which some patients show improvement, some plateau, 

 and some decline further (Brott et al., 1989; Schwamm et al., 1998); thought to be related to reperfusion 

 injury and recanalization status (Brott et al., 1989; Lansberg et al., 2001; Schwamm et al., 1998), and 

 processes of inflammation. Thus, an important factor relating to the nonlinear progression of percent tissue 

 injury post-MCAO would be time at which measurement occurred. 

 In the included studies, median time of measurement was two days, (x̄ = 6 days ± 9 days, range = 30min 

 to over 30 days). The temporal mode (i.e., most frequently seen time point) was assessment of infarction 

 volume at 24hours (35 of 93 studies), with the second most common time point being three days (22 of 93 

 studies; N  20hrs < x < 74hrs  = 59). The vast majority  of infarct measurements were in the ‘acute’ period, with 

 almost 80% of investigations performed before two weeks post-MCAO (N  < 24hrs  = 34, N  < 14d  = 74). In 

 general, there were significant differences where infarct measures over time, with the average percent of 

 infarction was 5.5 ± 12% at 4 hours post-MCAO, versus averaging 13.8 ± 15.3% between day 2 to day 4. 

 Dunn’s test suggested several pairwise tests were significant, including between 24 hrs and 48hrs post 

 MCAO. Thus, the average pattern of infarct development was maximal between 2-7 days. 

 However, as the reader has likely noticed, a challenge in the analyses of these data was that the time for 

 measuring infarct volume differed across studies (see section 3.2.5). Few studies using repeated measures of 

 subjects over time, and statistical tests optimal for understanding effects over time (i.e.,  repeated  measures 

 ANOVA) can not be performed due  to the chosen experimental  designs common to NHP MCAO 

 manuscripts. In addition, i  nfarction growth is typically  complete by two weeks, but such measures are 

 relatively early in the longitudinal pathology of stroke. Only 17% of investigations (N = 16 studies) had 

 measures to 30 days post-MCAO or later. See Figure 48 for timepoints used per-publication. 
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 FIGURE 49.  Employment of various time-points in estimating infarction volumes 

 Time of Infarct volume measurement across eligible publications. Dunns’ test suggests no difference in time 
 of measurement across publications depending on surgical technique.  Figure by Harrison, 2022 
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 5.3.7  Estimating  Infarct Volume Growth or Decline for NHP Data with Repeated Measures 

 Of 93 publications, the mean number of timepoints measuring infarct volume post-stroke was 1.4 ± 0.8, 

 ranging from 1 to 6 measures. The vast majority of publications, 70% (N = 64), quantified infarction at only 

 one time point. As previously mentioned, though several publications alluded to having taken multiple 

 volumetric measures, these data were not presented (section 3.2.6). 

 Thus, of 1260 NHPs extracted from publication, only 27% of subjects (n = 387) were found to have 

 repeated measurements of infarction. Lack of repeated-measures poses a difficulty regarding developing a 

 longitudinal equation of NHP infarction, as most publications failed to provide a baseline assessment of 

 infarction, which is known to be variable. However,  using the publications that provided  longitudinal  data, 

 an assessment of the characteristics of infarct progression was performed. To qualitatively illustrate the 

 growth or reduction of infarction over time, a slope function was applied on infarction values of subjects. A 

 summary of the data is shown in Figure 49. 

 In sum, these repeated measures data support the common progression of infarct growth, but the sparse 

 measures can result in poor model fit. For example, in 20 of the studies which had repeated measures of 

 infarction, no quantification occurred during the peak of infarct growth (between 2-4 days). Thus, the data 

 appear as a linear fit, as the time of infarct growth was not captured by the primary investigators. This likely 

 results in a ‘flattening’ of our temporal infarct-growth curve. 

 An alternative method would be to establish an equation which models the progression of ischemic injury, 

 when a sufficient number of timepoints is provided. 
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 FIGURE 50.  Infarction growth or recovery over time in studies with repeated-measures 

 Slope diagram of Infarct volume in publications with repeated measures. Each line indicates paired 

 observations of a single subject, with orange indicating infarction growth in that time period, while blue 

 indicates reduction of lesion volume. Yellow curved line is an overall average (LOSSY) spline for the 

 observed data.  Figure by Harrison, 2022 
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 5.3.8 Assessment of Study Quality ; 

 Evidence that Most Studies lack Quality and have Bias 

 As discussed in section 3.2.7, a scoring system was applied to measure the diversity of evidence provided 

 by included publications, based on the STAIR recommendations. Based on the 16 point criteria outlined, the 

 mean quality score of the included publications was 5.6 ± 2.2 out of 16 points. Of interest, 38 of the 93 

 publications (40%) had no form of blinding. These values are comparable to what has been found in earlier 

 meta analysis for individual drugs and are consistently below the levels of blinding and randomization for 

 clinical trials. Reports by O'Collins et al., (2017) suggested that for published preclinical experiments, only 

 38% were randomized and only 32% had blinded to the experimental group. 

 Here, similar issues of study quality are present. An overview of study bias based on the methodological 

 quality of publications is present in Figure 52. Here, ‘Low’ risk of bias would indicate ‘few limitations’; 

 ‘Some concerns’ indicates some study limitations were present; and ‘High’ risk of bias indicates the studies 

 had ‘serious limitations’ that caused results to be put into question (  Higgins  et al., 2019  ). 

 As the STAIR criteria were implemented in 2000, we assessed what effect the STAIR recommendations 

 had on improving experimental design. O'Collins suggested that blinded assessment of outcome in 

 experimental stroke research of all species was raised from 32% pre-STAIR to 41% post-STAIR. 

 Surprisingly, in the present analysis, randomization of NHP stroke models was undertaken in 60% of studies 

 published after STAIR (42 of 70 publications) as opposed to 56% of studies published prior to STAIR (13 of 

 23 studies). 

 Overall, these results suggest strong study bias. Broadly speaking, studies at high risk of bias should be 

 given reduced weight in meta-analyses compared with studies at low risk of bias. Though study bias may be 

 used for altering weighting of publication in metanalyses (i.e., Figure 43); however, methodological 

 approaches for weighting studies according to their risk of bias are not sufficiently well developed, so much 

 so that Cochrane Reviews does not recommend this methodology (  Higgins  et al., 2019  ). 
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 FIGURE 51.  Analysis of Publication Bias 

 A) Overall estimates of bias in the included publications, similar to (McGuinness  & Higgins 2020; 

 McGuinness 2019). B). Using bias estimates per-publication, no effect was observed regarding publication 

 bias on reported infarction volumes of control subjects.  Figures by Harrison, 2022 
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 Evidence that most studies are statistically underpowered 

 Ever since Cohen’s (1962) classic study on statistical power, it has been known that many studies contain 

 too few observations to properly investigate the effects under examination. A power function is a method to 

 evaluate a statistical test. Gives us a test's sensitivity as a function of a hypothetical true effect. For a single 

 value, the power function tells us how often a statistical test would correctly reject H0—if the hypothetical 

 effect was actually true. A good experiment has an 80% a priori chance of finding the effect, given that the 

 effect is present at the population level. Too, as stated in Chapter 2, this is the threshold for FDA approval 

 (see section 2.1). The 80% is a compromise between certainty about the effect and the investments needed 

 to further increase the power. Even so, Cohen (1962) showed that many experiments published in 

 established psychology journals have a power considerably below 80% (often as low as 30–40%). Of 

 interest, only 6 publications analyzed in this chapter included a sample size calculation (e.g., Cook et al., 

 2012), but the quality of these power analyses is often questionable. For example, Sawada and colleagues 

 (2014) provided a post-hoc power analysis suggesting study power was only 0.69. 

 On average, present preclinical NHP experimental groups are ten to twenty times smaller than the sample 

 size of a clinical trial. Similarly, O’Collins (2017) and colleagues found that, though an average of 142 

 patients take part in a clinical trial, in contrast only an average of 14 animals are used in preclinical trials. 

 However, though sample sizes are larger in clinical trials, so too is the variance. The average standard 

 deviation per clinical trial equalled 99% in the control group and 105% in the treatment group (O’Collins et 

 al., 2017). In contrast, O’Collins et al., found that primate studies showed 35% SD in NHP MCAO. 

 However, present results suggest that the variance of the mean is closer to 60% when all control animals are 

 pooled (x̄ =   7.8 ± 4.6%, median =  5.3%  ; CoV = 58.9%).  Though present results suggest greater reduced 

 variability than seen in clinical cohorts, variability of the NHP model is still a point of concern. The present 

 analyses suggest greater heterogeneity of NHP MCAO, as the deviation of the mean fell ranged from 20% 

 to 200%. 
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 5.4 Conclusions 

 In reviewing the published literature of NHP stroke models, we found great variability in the animal 

 species used, the methods of surgery, the methods of estimating brain injury volume, duration of ischemic 

 injury and time points of measurement. Even when attempting to control for these variables, there was large 

 variability in the stroke outcomes of control animals. Specifically, we hypothesized that since the  MCA 

 territory in NHPs supplies 23 ± 8% of total brain volume, creating an MCA ischemic injury would result in 

 a  similar sized lesion. However, results of this meta analysis suggest the mean volumes of infarction 

 following MCAO procedure is approximately 9 ± 6% of total brain volume  (CoV = 66%). 

 Our findings are similar to work by O’Collins who reported that average infarct size, based on 

 interpolations of brain volume, was 3,760 ± 1220 mm3 (equivalent to 4.5 ± 1.7% of total brain volume, 

 CoV = 37%; N = 22 publications). This was the smallest percent infarct size compared to ten other species 

 (i.e., Rats, Mice, Cats, Dogs, hamsters, gerbils). 

 Effect of NHP species 

 Our current review found differences with respect to the absolute and relative brain infarct volume across 

 species.Current analysis suggests that Cynomolgus animals, the most common NHP species used in MCAO 

 studies, show much larger values of infarction than reported by O’Collins  (2017) and colleagues (N = 38 

 studies, 8,605 ± 9,642 mL  Exact NHP species was not specified by O’Collins (2017) in their publication 

 which extracted infarct volumes expressed as ml, however future research should present data as both 

 absolute and percentage stroke volume to account for the effect of species on results. 

 Effect of Experimental Treatment interventions 
 Our results for the effect of reportedly beneficial experimental treatments showed that there was an a 3% 

 reduction of infarction volumes (see figure 43; ) compared to within-study controls. This data  is opposite to 

 findings  by O’collins (2017), who found that there was a neuroprotective effects of treatments, With  an 
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 average 47% reduction in infarct volume due to treatment (estimated  brain infarction of 6.3%  controls 

 versus  3.1% treated subjects). 

 Effect of Methods of stroke creation and measurement 

 Numerous methods of inducing MCAO were used in the reviewed studies and  the location of occlusion 

 was infrequently specified.  Of interest, work by O’collins suggested that in neuroprotective trials, the 

 greatest effects were seen when the location of the infarct was not specified (O’Collins et al., 2017). 

 Similarly, our study demonstrated that  studies which did not define the location of MCAO had smaller 

 infarction volumes (M2 MCAO 11.4%  vs  unknown MCAO  location 7.3%,  p  <0.0001) 

 In addition,  the technique for estimating the histological injury varied between studies. Only 10 studies had 

 overlap of general methodology, meaning 89% of studies used alternative time points or methods.  Though 

 MRI is hypothesized to be the best method for infarct measurement, the issue of what measure to use and 

 where to threshold normal versus abnormal tissue, remains unestablished (see section 1.8). Thus, whether the 

 estimated infarction volumes in acute neuroimaging reflect histological death of tissues is unknown, and 

 methods regarding imaging thresholds were frequently absent. 

 A common criticism of animal studies is that post-MCAO outcome measurement is somewhat myopic, 

 with only 1.7% of rodent studies having measures to 30 days post-MCAO (O’Collins et al., 2017). Given 

 enough time, differences between treatment groups may resolve. In the present analysis, 13% of studies 

 examined MCAO infarction volumes to one month or later, similar to findings by O’Collins (2017) who 

 suggested 17% of NHP investigations examined chronic timepoints. This is more similar to the clinical 

 scenario, in which >25% of clinical trials in post-stroke intervention for humans measured outcomes of 

 treatment intervention at 4 weeks or beyond. 

 Regarding the effect of ischemic duration, an additional surprise was that the duration of experimental 

 stroke induction did not appear to have any strong effect on final infarct volume. That the duration of 

 occlusion has little to no significance on final infarct flies in the face of experimental and clinical evidence. 
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 Though individual studies looking at the outcome with different lengths of occlusion suggest tMCAO 

 having more favorable outcomes (Young et al., 1997; Liu et al., 2007; Wey et al., 2011), while others 

 suggested the inverse (Takamatsu et al., 2000). In sum, these longitudinal-data suggest that the effect of 

 duration is relatively small compared to within subject heterogeneity. 

 Effect of Study Quality and Study Power 

 Due to issues associated with NHP investigations, scientists often want to use few animals and test more 

 than one hypothesis. However, small sample sizes prevent power to detect any real changes in outcome. 

 Though scientists once thought finding an effect in a small number of samples meant the underlying effect 

 must be robust, often, significant results from small samples turn out to be statistical flukes. Using an 

 statistical power calculator (Faul et al., 2007), and assuming a comparison of two independent samples with 

 a normal distribution and standard deviation of only 35% (σ = 35%; though observed CoV = 68%), to detect 

 a 25% reduction in infarct (d = 25%), the recommended sample size is at least 25 per group. Reports by 

 O’Collins and colleagues suggest a minimum sample size of 30. Based on these estimates, animal 

 experiments on average were only 30% of the size needed to detect this level of difference. Thus, common 

 practices of drawing on small samples of NHPs are likely insufficient to find true experimental effects. 

 5.5.2 Study Limitations 

 Limitations: Sample Sizes and End Points of Primary Publications 

 In addition to the validity of identified publications, a prominent limitation of this review pertains to the 

 search strategy and the method of analysis. The search strategy was limited to publications presenting 

 infarct data per individual or reporting means and/or standard deviation / standard error. This resulted in 

 over 300 studies, representing over 3000 individual NHPs, excluded in the present analysis. Thus, a 

 limitation of the current investigation is that the total number of animals is not optimal. 
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 An additional caveat is that the principle comparator used in this review was infarct size, but not all results 

 were reported in the same format. Calculations of stroke size relied upon making assumptions of the 

 underlying animal characteristics (see section 5.3.3, 5.3.3). For example, in many cases, data were presented 

 as a percentage of a single hemisphere or an absolute volume, meaning that assumptions were made on a 

 given individual's total brain volume. Too, some investigators often adjusted lesion volumes to negate 

 effects of edema, which may also skew estimates of total brain infarction. Also, concerns exist regarding 

 accuracy of reporting in the original publications (i.e., using mm3 vs mL). Thus, a limitation of the current 

 investigation is that the means of extracting data may have errors. 

 From a clinical perspective, there are several shortcomings to this approach of using histological injury as 

 the primary outcome. Clinical trials may use other imaging endpoints apart from than absolute infarct 

 volume (e.g., lesion growth). Lack of repeated measures in the NHP population prevented examining such 

 data. Too, functional outcomes are often of higher importance than tissue outcomes in clinical trials. Thus, 

 using outcome measures common in animal experiments may introduce bias from the clinical perspective. 

 However, behavioral outcomes and neurological assessments were not included in the quantitative aspects 

 of this review. Though 65% of the publications (60 of 93) used some behavioral indicator, the methods and 

 validity of assessment varied greatly. 

 Limitations: Identification, Extraction, and Analysis of Data 

 Unfortunately, a formal meta-analysis could not be conducted. A true meta analysis with the existing data 

 would violate fundamental assumptions of data consistency and transitivity to the observed high 

 heterogeneity among control subjects among publications.  We investigated indirect comparisons across 

 interventions by anchoring on the ‘control’ group; a common method in meta analysis to generate effect 

 sizes and odds ratios. This  partial meta analysis  was performed by examining the mean difference between 

 treatment and control populations using a  random effects  model, as it assumes effects are along a population 
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 distribution.  However, on reviewing the data, it was clear that control groups are heterogeneous across the 

 studies, and cannot be considered as a common connecting population. 

 It is well known that high heterogeneity can be caused by two or more subgroups of the data that have a 

 different ‘true’ effect, but elucidating these effects when co-mingled with many other factors is challenging 

 at best, and impossible at worst.  We believe that the heterogeneity observed in control populations was due 

 to variances of surgical techniques, animal species, duration of injury, time of measurement, method of 

 reporting, and reporting errors; all of which prevent an assumption of homogeneity. However, that a lack of 

 effect was seen for factors of ischemic duration complicates identifying the underlying cause of observed 

 heterogeneity. 

 Many factors likely contribute to outcome post-MCAO. For example, being a vascular disease, 

 hemodynamic factors critically influence stroke size such as: blood pressure , collateral flow , the duration 

 of occlusion  and the time to reperfusion (Conn, 2017). Physiological factors, such as temperature , 

 glycemic levels, and acidification are also well documented correlates or predictors of infarct development 

 (Conn, 2017). Yet, these data are infrequently presented in published literature, and thus could not be 

 extracted nor analyzed. Thus, a general limitation of the present data is availability.  The preferred method 

 of longitudinal repeated measures analysis  could not be performed as the majority of publications failed to 

 use repeated measures. Additional analytic caveats include that the present data are not normally distributed, 

 and thus common statistical tests can not be used. 

 Overall, the ability of classical statistical techniques to identify common trends in these data is 

 questionable. A challenge is that, though the studies on face value appear to be performing similar 

 methodologies, they are in fact not. To illustrate the heterogeneity of methodology across these 

 investigations, an alviuman plot is presented in Figure 53. In summary, even for 5 factors of interest, such as 

 animal species, MCAO method, MCAO location, animal sex, control or drug treatment, and the avalible 

 data used to calculate infarction volumes were mixed. 
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 FIGURE 52.  Diagram to represent methodological Heterogeneity of included publications 

 Alluvial diagrams are a type of flow diagram which represents changes in network structure over time. Each 

 line represents an individual NHP which underwent MCAO, and each column indicates various clusters of 

 variables. The streams between the blocks represent changes in the composition of how animals cluster into 

 each category. The height of a column represents the number of subjects meeting that categorization, and the 

 height of a stream represents the number of animals contained in the connected blocks. Here, the alluvial 

 diagram represents changes in allocation of animals regarding main demographic variables of interest. In a 

 homogeneous analysis, there would be little crossing over between categories, and the majority of subjects 

 would fall into similar groups. However, it is readily apparent that many studies used different protocols and 

 there appears to be no clear majority regarding experimental methodology of NHP MCAO. Applying distinct 

 clusters to such data would be problematic if not impossible.  Figure by Harrison, 2022. 
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 5.5.3 Regarding the Chapter Assumptions and Hypotheses 

 Regarding the assumptions: 

 aA.  NO, only 28% of all NHP studies report a quantifiable volume of post-MCAO infarction, 
 aB.  YES, 59% of all included studies stated animal sex, species, and weight. 

 BUT only 23% of excluded studies stated animal sex, species, and weight. 
 aC.  YES, 70% of all included studies used macaques. 

 AND 52% of excluded studies used macaques. 
 aD.  YES, 56% of all included studies used macaques use a sample size > 6 animals per-group 

 BUT only 34% of excluded studies used a sample size > 6 animals 
 aE.  NO, only 10 publications, being 11% of included NHP studies, had a quality score greater than 9/16 

 bA.  NO, only 27% of included NHP studies reported results or methods of study exclusions or mortality. 
 bB.  NO, only 47% of included studies used a similar method, being MRI anatomical imaging 
 bC.  NO, only in 38% of publications was a common timepoint to measure infarction, seen (24hrs) 
 bD.  NO, only 31% of included NHP studies measured infarction at multiple timepoints 
 bE.  NO, only 9% of included NHP studies presented Infarct measures both as percentage and volume 
 bF.  YES, 58% of included NHP studies presented individual animal data rather than aggregate data 
 bG.  YES, 78% of included NHP studies had a statement of the Occlusion location on the MCA 
 bH.  YES, 100% of included NHP studies stated the general MCAO technique 
 bI.  NO, only 32% of included studies stated craniectomy use, with 23% of reports using incorrect terms 
 bJ.  YES, 100% of included NHP studies state the MCAO duration 
 bK.  NO, 45% of included NHP MCAO studies evaluated a novel treatment 
 bL.  NO, only 13% of included studies evaluating a novel treatment initiated treatment at 30min or later 

 cA.  NO, Brain infarction volumes did not have a normal distribution by species, 
 cB.  YES, Brain infarction volumes did differ by primate species, 

 BUT by Dunn test and not in all comparisons 
 cC.  YES, Brain infarction volumes by animal size had a significant 

 BUT negligible relationship (R  2  = 0.06) 
 cD.  NO, Normalized as % total brain infarction, there was not a normal distribution NOR equal variance 
 cE.  NO, Normalized as % total brain infarction, differences existed between one species (Cynomolgus) 
 cF.  YES, as percent total brain infarction, animal size has  no  statistical relationship (R  2  < 0.1) 
 cG.  NO, the average coefficient of variance of percent infarction was 60% 

 Regarding the Primary Hypotheses: 

 1A.  NO, pooled average volumes of infarction following NHP MCAO in control animals was 7.7 ± 5.1% 
 1B.  NO, significant effects of publication was seen on infarction volumes of control animals 
 1C.  NO, only 13% of studies reporting treatment benefit had significant control vs treatment effects 
 1D.  NO, metanalysis of studies reporting  beneficial treatment effects had heterogeneity I  2  > 95%, 
 1E.  NO, metanalysis of studies reporting positive treatment benefits conferred a 3% treatment benefit 
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 Experimental Research: 

 Chapter 6: 

 Characterising a Hyper-Acute Non-Human Primate Model of Focal Ischemic Stroke 
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 6.  Characterising a Hyper-Acute Primate Model of Focal  Ischemic Stroke 

 "Who understands baboon would do more toward metaphysics than Locke." 

 -  Charles Darwin, notebook ‘M’ 1838 

 CHAPTER ABSTRACT; 

 Chapter five details experimental investigations of a hyperacute NHP model of stroke. An overview of the 

 limited research of hyperacute focal cerebral ischemic assessment in NHPs is presented, and suggests that 

 no consensus exists regarding effective implementation of NHP models. To correct this, a brief summary of 

 results following experimental induction of Acute NHP brain infarction – monitored by perfusion and 

 diffusion MRI – is presente  d for both single-time  point and repeated measure study designs. Results of these 

 experiments suggest novel relationships between perfusion and diffusion deficits. Too, though less than 

 clinical cohorts, these data suggest larger coefficients of variation than previously reported in the literature. 

 In sum, these data suggest that though this methodology is significantly more effective for evaluating 

 potential neuroprotective compounds, further work is required to establish statistical power thresholds and 

 minimum sample sizes. 

 Some of the data relate to the publications Lapchack et al., 2019, Cook et al., 2016. 
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 6.1 Background and Chapter  Summary 

 Results of chapter five shine a critical light on NHP models of stroke.  However, history suggests 

 primate models have been instrumental for advancements in stroke neuroscience, with acute investigations 

 in non-human primates informing current estimates of ischemic thresholds (e.g.,   de Crespigny et al.,  2005  ; 

 Astrup et al., 1981  ) .  It may be that there are strong  benefits of the NHP stroke model hidden by publication 

 biases. In this Chapter, we introduce a novel preclinical model of stroke in the Macaque monkey, which 

 mimics hyperacute clinical assessment of human stroke patients. 

 A promising new MRI technology – perfusion-weighted imaging (PWI) – provides rapid estimates of 

 hypoperfused brain tissues (Sorensen et al., 1996). PWI changes occur before diffusion changes; consistent 

 with theories of cerebral ischemia pathogenesis.  Specifically,  hyperacute neuroimaging may allow inference 

 regarding the ischemic infarct core (DWI), underlying arterial pathology (PWI), and the tissue-at-risk (PWI 

 > DWI mismatch).  However, post-stroke MRI data from  human patients has extensive inter-patient 

 variability following ischemic infarction (see section 1.4, 1.5).  A critical advantage of utilizing diffusion / 

 perfusion mismatch in animal stroke models is that the temporal evolution of ischemic tissue can be 

 in  vestigated under carefully controlled conditions. 

 In this Chapter, we characterize the  hyperacute  NHP  model by  assessing experimental results of PWI 

 and DWI changes following  pterional craniectomy  M1  MCAO  in 101 Macaques  from this laboratory over 

 the last 6 years  . Population demographics of hyper  acute perfusion deficits (PWI; pc-ASL inferring rCBF) 

 and infarction volumes (DWI; DWI b1000, ADC) were collected in 33 NHPs that underwent MRI scanning 

 over 6 hours, and 85 animals that underwent a single MRI scan within 60 min of MCAO. Volumes of 

 perfusion and diffusion deficits were obtained through K-smoothed thresholding in a custom MRI R script 

 written by KAH. Results of this chapter suggest  the  coefficient of variation of this NHP model is favourable 

 compared to results of the metanalysis, and in compared to other research groups and clinical patients, but 

 suggest that stroke research in NHPs requires greater sample numbers. 
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 6.1.1  Hypotheses 

 The hypothesis of Chapter 6 was that the Primate MCAO method would have significant reproducibility; 

 even greater than what is observed in rodent models. Though there is relatively little information on these 

 models, the presented experimental results are expected to be in agreement within published literature 

 regarding variation of perfusion deficits. 

 The assumptions prior-to analysis were: 

 a.A.  All NHP brain imaging post MCAO would be within 80 min of occlusion start 
 a.B.  Animal subject demographics would not differ by study batch 
 a.C.  Animal subject demographics would not differ by allocation of MCAO surgical technique 
 a.D.  Animal subject demographics would not differ by allocation to treatment vs controls groups 
 a.E.  Normalized as percent total brain infarction, animal size has  no  relationship (R  2  < 0.1) 
 a.F.  Brain infarction volumes estimated by DWI have a normal distribution 
 a.G.  Brain infarction volumes estimated by PWI have a normal distribution 
 a.H.  Brain infarction volumes of subjects would not differ by study batch and have equal variance 
 a.I.  Brain infarction volumes of subjects would not differ by MCAO via metal clips or electrocautery 

 a.J.  Brain infarction volumes by in repeated MRI NHPs do not differ from single MRI NHPs 
 a.K.  Log model fit would have a residuals less than 10%, and positive lesion growth in all NHPs 
 a.L.  Brain infarction volumes by DWI and PWI have a normal distribution 

 In removing influences of study heterogeneity seen in Chapter 5, we expect that  the percent of infarction 

 would be similar to the percent brain volume supplied by the MCA territory (23 ± 8%, see section 1.5.1). 

 The Hypothesis of the chapter were: 

 1A.  All PWI lesion volumes would be larger than DWI volumes (PWI > DWI) 

 1B.  PWI lesion volumes versus DWI have a positive relationship (R  2  > 0.5) 

 1C.  The average volumes of perfusion deficit (PWI) at first scan is 23 ± 8% 

 1D.  The average volumes of estimated Ischemic injury  (DWI) after 5 hours is 23 ± 8% 

 1E.  The average coefficient of variance of percent in  farction  would be less than 35% 

 1F.  Variability of   P WI  and  to    DWI volumes is less than that examined in human cohorts (CoV = 148%) 
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 6.2 Study Design and Methods 

 6.2.1 Choice of Experimental Design 

 In designing a non-human primate stroke study, three major questions need to be addressed: Which 

 non-human primate species should be used? What stroke syndrome should be modeled? What thresholds 

 should be used? What outcome me  asures will be studied? 

 Of the gyrencephalic primate species, Macaques are relatively docile, can be easily trained and assessed 

 for cognitive, motor and sensory deficits using standardized tests, and have brain anatomy similar to humans 

 (e.g., Roitberg et al., 2003;  Cook, 2016). Regarding choice of surgical model, open surgical models provide 

 more precise control of the location of vascular occlusion resulting in lower variability at the cost of a 

 potentially longer recovery period, elevated incisional pain and a need for surgical expertise to complete the 

 procedure. Outcome measures like MRI and CT imaging and histological outcomes that measure tissue 

 necrosis are important but have yet to be validated as comprising reasonable predictors of clinical outcomes 

 of interest in human stroke trials. 

 The main consideration is creating a model that matches the anticipated clinical trial conditions as closely 

 as possible. Importantly, PWI/DWI mismatch has been used in human clinical studies (e.g., Campbell & 

 Macrae, 2015) and in animal research in rodents (e.g., Meng et al., 2004) and NHPs (e.g., Gauberti et al., 

 2012; Sasaki et al., 2011). Here, the ischemic penumbra was defined by PWI by applying blood flow 

 thresholds based on clinical thresholds in human studies, and experiments in NHPs (Cook, 2016; Astrup, et 

 al., 1981). Specifically, relative CBF (rCBF) values were used, with a decrease in CBF of <30% baseline 

 indicative of stroke core and 30-60% for penumbral (Maija et al., 2013; Maija et al., 2013; Wintermark et 

 al., 2006; Cook, 2016). 
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 6.2.2 Animals and Population demographics: 

 All data in this chapter were retrieved from a common internal database of experiments in non- human 

 primates that received MCAO surgery between 2013 and 2020.  All study protocols in this data archive 

 were in agreement with the guidelines established by the Canadian Council on Animal Care, and approved 

 by the Animal Use Subcommittee of Queen’s University (protocol #s; 2013-059; 2013-1535; 2014-1407; 

 2014-010; 2015-1614; 2017-1782; 2017-1718; 2018-1803; 2018-1821; 2018-1825; 2018-1845). 

 Supervisor Dr. Cook has collected data on hyper-acute to chronic MRI imaging of macaque MCAO 

 models since 2013. However, KAH joined the research group in late 2016. Thus, historical data not 

 collected by KAH are included in this thesis. It is estimated that between the years 2013 - 2020, 156 NHP 

 animals were used in investigations of stroke. In searching the internal database of animals, some data 

 became lost or corrupted over time. 116 subjects were identified as having MRI records in the database. Of 

 116 available records, five subjects were found to have incomplete records, and an additional 18 subjects 

 only had late-chronic scans available, making them ineligible for the current investigations. It is estimated 

 16-36 directories (12%-28%) were corrupted. Overall, 101 NHPs were available for analysis in this thesis. 

 Of experiments conducted between 2016-2020, three animals had their ID codes switched, during MRI 

 scanning. All three errors were corrected based on surgical records the day following scanning. Several 

 animals had typos in their names and ID codes (such as ‘O’ for ‘0’ or ‘I’ for ‘l’), which were corrected 

 during database aggregation. 

 All animal husbandry, surgical, and experimental procedures were carried out in facilities owned and 

 operated by Queen’s University, and the Center for Neuroscience Studies. A simplified layout of the facility, 

 and methods relating to these experiments, is shown in Figure 54. 
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 All experimental procedures and animals were overseen by a primate veterinarian, and purchased via a 

 Queen's University IACUC-approved protocol. Monkeys were from a commercial vendor, or transferred 

 from an academic institution. Since primates potentially carry hazardous zoonotic viruses, health, safety, 

 and biosecurity were considered. Animals were screened for infectious diseases upon entry, and quarantined 

 for at least 14 days prior to colony introduction. Screening included; Bacterial, (  Calmonella, Shigella, 

 Campylobacter, Mycobacterium tuberculosis  ); Viral,  (  Hepatitis A Virus, Simian Immunodificency virus,  and 

 Cercopithecine Herpesvirus 1  ); and Parasitic, (  Entamoeba.  Blastocystis, Trichomonas, Balantidium  ). Blood 

 sampling and physiological measurements were performed both upon admittance and annually (Southers 

 and Ford, 1995). 

 The colony has a maximum capacity of ~150 NHPs, housing between 10–30 animals per-room. Animals 

 housing was 115 cm × 115 cm × 200 cm home cages, with access to common spaces during light hours. All 

 animals were in controlled conditions; on a 12-h light–dark cycle (light on 06:00– 18:00) and supervised 

 daily by a team of veterinarians, technicians, and graduate students. Animals were provided with water ad 

 libitum and received a daily diet in the form of Monkey Chow (Purina) and mixed dietary enrichment in the 

 form of nuts, fresh fruit, and vegetables throughout the day. 
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 FIGURE 53.  Illustrative schematic of overhead view of NHP MCAO Experimental set-up 

 NHP and surgical Facility floor plan; not to scale and for descriptive purposes only. A number of physical and constructional 

 provisions are required for installation of magnetic resonance imaging systems (MRI), and surgical theaters; such as shielding 

 of electromagnetic fields (RF- and high-field; Sattler et al., 2013). The scanning room must be protected against magnetic and 

 radio frequency (RF) influences from its environment via Faraday cage system. All medical equipment and personnel brought 

 to the scanning room must be compatible with the high static magnetic field. Walls between scanner, control, and technical 

 rooms must have openings to permit the connection of power, signals, gasses, and medical equipment, though sufficiently 

 distanced away from the influence of the MRI’s RF and magnetic field. In the absence of MRI-compatible monitors, long 

 sampling tubes were connected to anesthesia monitoring systems.  Figure by Harrison, 2022. 
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 6.2.3 Pre-operative protocols 

 All staff donned scrubs, foot covers, gloves, face shields, and particulate masks for the duration of 

 procedures and interactions with NHP populations (see NHP-SOP 1.2.2). All Macaques underwent surgery 

 for MCAO, with animals fasted and pre-treated with Dilantin the evening prior to surgery. Fasting is an 

 accepted practice for nonhuman primates undergoing surgery, requiring at least 12 hours prior to surgery. 

 On the day of surgery, anesthesia was induced with a mixture of ketamine (5mg/kg) and dexmedetomidine 

 (0.05 mg/kg). Delivery of anesthesia was initiated by physical restraint and IM injection into the caudal 

 thigh (Fortman et al., 2002). Following initial anesthesia, glycopyrrolate was provided as an adjunct to 

 ketamine–medetomidine to limit salivation. The colony floor was connected to the operational facility, 

 allowing subjects to be anesthetized in their home-cage, then transported outside of the colony without 

 duress. Artificial tears were applied to prevent the corneal drying. The epiglottis and vocal cords were 

 anesthetized by Xylocaine spray. Subsequently, an endotracheal tube (size range 1.0cc to 2.3cc) was inserted 

 into the trachea and inflated. 

 Following intubation, animals were then aesthetically maintained, without mechanical ventilation, by 

 Isoflurane anesthesia (concentration, 0–5%; O2, 100%, O2 flow rate of 2 L/min). Following intubation, a 

 reversal agent (Antipamezole) was given. Animals were shaved on the temporal region of the cranium, and 

 legs. Shaved areas were sterilized with surgical soap, alcohol, and betadine. Intravenous catheters (24-18g) 

 were placed typically in the cephalic vein to allow direct vascular delivery of fluids and drugs as required. 

 Additional pre-operative agents included Pentobarbital, Meloxicam, Naloxone, and IV antibiotics 

 (Cefazoline 22mg/kg). Buipivocane (0.5 mg/kg) was applied locally to the temporalis muscle. Temperature 

 was monitored throughout surgery by rectal probe, and maintained by heating blankets and heating disks. 

 Surgical tape, wraps, and absorbing sheets were used in animal preparation and transportation. 
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 Of note, there is currently no widely accepted drug or technique that has been shown to offer brain 

 protection during neurosurgica  l procedures. However, intent was to induce anesthesia utilizing a 

 combination of opioid analgesic, low inspired anesthetic, and muscle relaxants. Rationale for this was to 

 cause minimal changes in CBF and ICP, as using isoflurane as a  sole anesthetic, as it has been shown to 

 have a dose-dependent decrease in blood pressure and CBF in primates  (Nehls et al., 1987)  . Non-invasive 

 monitoring was performed prior to, throughout, and following surgery, and included; end-tidal CO2; O2 

 saturation; ECG; and temperature by rectal probe. 

 6.2.4 Experimental Treatment Intervention 

 The research was performed with the primary intent of fulfilling private research contracts to evaluate 

 novel water-soluble compounds (Studies 1-5). In each case, all animals were randomly allocated by an 

 individual external to the study, with study experimenters blind to experimental treatment allocation during 

 imaging acquisition. Study endpoints were the same for the control group as in the treatment group. 

 However, as the following analysis uses archival data, treatment allocation was known prior to analysis of 

 the data. 

 Animals were part of 6 different experimental protocols or ‘batches’, with the vast majority of animals 

 receiving treatment at 60 min post-MCAO or later. Thus, animals were treatment naive during first imaging, 

 facilitating pooled analysis. 
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 6.2.5 Surgical Procedure: 

 Perioperative procedures, such as intubation, catheterization, anesthesia, physiological measurements, and 

 initial sterilisation, were performed prior to transport to the operative room. The process from initial 

 anaesthesia in the colony to first incision required 42 ± 21min. 

 All surgical and experimental procedures were carried out in accordance with the Canadian Council of 

 Animal Care policy on the use of laboratory animals and approved by the Animal Use Subcommittee of 

 Queen’s University Council on Animal Care. MCAO in cynomolgus macaques was performed as previously 

 described (Findlay et al., 1991; Cook et al., 2012a, 2017). 

 Animals underwent MCAO between 5AM and 10PM EST. All surgical tools and fabrics were sterilized 

 by autoclave the day prior to surgery, with sterilization confirmed by internal and external kit indiators. A 

 pterional craniotomy was performed with transsylvian dissection to access the MCA, and induce arterial 

 occlusion; developed by Laurence and colleagues in 1970 and popularized by Cook et al., 2012. This 

 technique involves occluding the MCA at the proximal bifurcation of the orbitofrontal junction (M1-M2). 

 An incision was carried through the skin and temporalis muscle with monopolar cautery to expose the 

 skull. With the aid of a drill, a right pterional craniotomy of ~ 7mm x 10mm is carried out, and bone is 

 removed to expose the frontal and temporal lobes and visualize the right MCA in the Sylvian fissure. 

 Utilizing a microscope, the MCA was exposed by careful dissection of the arachnoid covering the Sylvian 

 fissure. The MCA branch proximal to the MCA bifurcation of the orbitofrontal branch was confirmed by 

 direct visualization, and the illusion placed at this region (based on Cook, 2016; pg 158). See Figure 55 for 

 an illustration of the process, and in-op photographs. 
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 FIGURE 54.  The Non-Human Primate MCAO surgical model 

 Illustration and images from NHP MCAO (continued on next page) 

 A)  Subject positioning in stereotaxis (shown is two-point ear bar for visualization, though multi-point was 

 used. Area is shaved and the incision visualized. 

 B)  Temporal muscle is removed via monopolar cauterization, and the pterion of the cranium visualized 

 C)  Drilling at the pterion results in craniectomy, with the bone flap discarded. Dura is opened to visualize the 

 sylvian fissure 

 D)  View of the MCA through the sylvian fissure 

 Figure by Harrison, 2022 
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 (continued from previous page) 

 In-op images from NHP MCAO via Lieca operating microscope 

 A) Subject in-op; temporal muscle removed, and the pterion visualized (B-C in illustration) 

 B) With the bone flap discarded. Dura is opened to visualize the sylvian fissure (arrow) 

 C) View of the MCA through the sylvian fissure (arrow;  C in illustration) 

 D) View of the MCA through the sylvian fissure with an occluding aneurysm clip on the MCA 

 Images courtesy from the lab of DJ Cook (see, Cook 2016, pg 158). 
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 The MCA was then occluded by one of two methods; 

 (1) Transient MCA occlusion (tMCAO), initiated by a 5mm titanium microaneurysm clip (CODMAN, 

 #20-1870) over a 90min period, with a single instance of MRI neuroimaging for the perfusion deficit at the 

 time of ischemia. Animals were fully recovered following this operation. 

 (2) permanent MCA occlusion (pMCAO), by electrocoagulation. In these animals, serial MRI scanning 

 occured hourly over 6 hours. All animals who experienced serial MRI scanning were not not recovered from 

 anesthesia following surgery ( See appendix for table of subjects ). 

 Following MCA occlusion, the dura opening was closed with an interrupted 3-0 Vicryl suture in the 

 temporalis muscle, followed by interrupted 6-0 Prolene suture in the skin. While still under anesthesia, 

 animals were covered to maintain sterilization, then transferred to MRI for evaluating the occlusion. In the 

 MRI room, animals were reintroduced to anesthetic gasses, physiological monitoring, and external heating 

 for duration of neuroimaging protocols (Isoflurane 1.0–2.5%, O2 flow rate of 2L/min). Time of induction of 

 ischemia to closure required ~ 29min (± 18min). 

 MRI was performed during the MCAO to determine the perfusion deficit (tissue at risk) and to evaluate 

 early stroke volume on diffusion weighted imaging (infarcted tissue). The first MRI scan post-occlusion was 

 done within an hour, averaging at 32 ± 9min into ischemia. Anesthetized animals were positioned prone 

 (N=102) or supine (N=6) in the scanning bed (see Figure 56 for illustration). Following imaging, animals 

 were either transported back to the operative room to remove the MCA occlusion, or to necropsy depending 

 on specifics of the study. At the end of the surgical day, operative theater and perioperative sanitation 

 included; multi-enzymatic and ultrasound baths of surgical tools, floors and surfaces sterilized with 

 detergents and disinfectants, such as vikron, washing of linens, and autoclave of tools for future surgeries. 

 Additional information regarding considerations and preparation for NHP imaging can be found in Stammes 

 et al., (2021). 
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 FIGURE 55.  Methodology of in-op MRI imaging of NHPs during MCAO 

 Simplified illustration of MRI set-up for NHP neuroimaging under anesthesia. Following induction of 

 MCAO, animals were transported to the MRI, and anesthesia continued. Anesthetized animals were 

 positioned prone (N=102) or supine (N=6) in the scanning bed. Images were immediately processed by the 

 MR technician, and uploaded onto a group server.  Figure  by Harrison, 2022 
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 6.2.6 MRI Protocols 

 Magnetic resonance scanning was performed at the Queen’s University Center for Neuroscience Studies 

 using a 3T Siemens Trio scanner with a 32-channel head coil. SoftwareVersions were not recorded, and 

 likely changed over time due to the archival nature of the data. An example of MR imaging results over 

 years is shown in Figure 57. 

 For 33 animals, serial poststroke MRI acquisitions occurred, with each run including Diffusion Weighted 

 Imaging (DWI), and Perfusion Weighted Imaging (PWI). In the final scan, an additional T2 structural 

 acquisition occurred. 

 For the 75 animals that were recovered post-op, only one of each scan type was acquired. Acute MRI 

 imaging following stroke included Stacks of perfusion (pcASL), diffusion (three orthogonal diffusion 

 directions at b = 1000 s/mm2) , and anatomical imaging (Cook et al., 2012b; Toth and Albers, 2009). These 

 will be referred to as PWI , DWI, and T2, respectively. In all monkeys, slices were acquired using 

 contiguous interleaved acquisition. 

 The series of MR included: 

 (1)  Localizer  ; a fast scan that identifies anatomical  landmark coordinates of the anterior and posterior 

 commissure, and affects overall scan parameters. Required 5 minutes. 

 (2)  T2  : Anatomical scan via high-resolution T2-weighted  Fast Spin-Echo; TR = 9270 ms; TE = 65 ms, flip 

 angle = 157, matrix = 256 256, FOV 154 154 mm2, 100 slices and final voxel size = 0.6 0.6 0.6 mm3. 

 However, these parameters varied between datasets (See Fig 57). Required 20 min. Using the anatomical 

 scan, we confirmed the location of the occlusion placement as being within the M1 region of the MCA 

 vessel (see Figure 56). 
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 (3)  DWI  : Infarction volumes are commonly inferred by Diffusion weighted imaging (DWI). DW MR 

 imaging used an EPI sequence in the Posterior to Anterior direction. Gradients were b = 0 and b = 1000 

 s/mm2, in three dimensions to result four images per section. DWI parameters were TR/TE = 5600/93 ms, 

 acquisition matrix of 130×130, 4.0 mm slice thickness, and a 230-mm FOV. However, these parameters 

 varied between datasets (See Fig X). Diffusion-weighted images are automatically processed by the MR 

 technician to generate average diffusion-weighted images (b1000), and pixel-by pixel apparent diffusion 

 coefficient (ADC) images. Example DWI-ADC images are shown in Figure 57, 58. Required 10 min per 

 run. 

 (4)  PWI  ; Hyper acute perfusion deficits are commonly  inferred by Perfusion Weighted Imaging (PWI). 

 Specifically, in this investigation, a CASL perfusion image was obtained with PQ2T sequence. As such, 

 cerebral perfusion was estimated via RF excitation to a bolus of labeled blood (with the pulse labeling plane 

 spanning the upper torso to carotid triangle), and reading the signal alteration within the slice measured. 

 Perfusion signal was determined by pairwise subtraction of the spin labeled image and the spin untagged 

 image (control image), which is then converted into the relative CBF by the MR technician. Of note, the 

 main difference between PWI and rCBF images from raw MR images is that PWI results assume M  0  equals 

 1000, whereas the rCBF images integrate data from the M  0  scan, and apply a tissue mask (Internal Siemens 

 documentation). PWI was acquired by dual-echo pseudo-continuous arterial spin labeling sequence 

 (pCASL) with echo planar imaging (EPI) readout: TR = 4000 ms, TE1/TE2 = 10/30 ms, FOV = 250 × 250 

 mm, flip angle = 90°, voxel size = 3.9 mm isotropic, post-labeling delay (PLD) = 1000 ms, slice gap = 0.773 

 mm, label offset = 100 mm, receiver bandwidth = 2604 Hz/pixel, EPI factor = 64, tagging duration 1.665 s. 

 An example PWI-ASL-rCBF image is shown in Figure 58. This required 12 minutes. 
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 FIGURE 56.  Estimated MCA occlusion location based on 87 MR images 

 Simple average probability map for the location of MCAO in 87 NHPs, with the region of occlusion 

 presented as a heat-map mask, overlaid on a typical NHP subject. As the occlusive metal clip had 

 dimensions of 5mm x 2mm x 2mm, the average volume of signal deformation per subject was ~ 9mm x 

 3mm x 3mm (equivalent to 110 ± 10mm  3  , or 0.1% of an  average adult Macaque brain on T2w imaging). 

 Using the region of signal deformation, a per-subject mask of the clip location was made based on an 

 absolute threshold, and 8voxel smoothing algorithm.  Using per-subject locations of clip placement, a 

 probability mask was generated by summation of individual subject masks for the region of signal distortion 

 and tissue changes due to induction of MCAO by the metal clip.  Regions which are black-to-dark red 

 indicate the clip distortion encompassed the volume in fewer than 8 subjects, while regions coloured 

 white-to-yellow indicate greater than 80 of the 87 subjects had signal-distortion from the metal clip in that 

 region.  Figure by Harrison, 2022 
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Based on signal deformation by metal aneurysm clip at 60min post-MCAO
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 FIGURE 57.  Examples of Hyperacute NHP MCAO MR Image Quality Changes over the 6 year period 

 Example between-subject differences of NHP-MR data quality over time for registered T2 and DWI 

 post-MCAO. Three separate animals experiencing right hemisphere MCAO, in three different preclinical 

 studies between 2013-2019. As MR imaging is a new field of research, improvements of imaging quality are 

 rapid and frequent. Thus, over the 6 years of data acquisition, notable differences exist in raw MR data. 

 Left, studies in 2013-2014, anatomical and DWI 

 Mid, studies in 2016-2017, anatomical and DWI 

 Right, studies in 2018-2019. anatomical and DWI 

 Figure by Harrison, 2022 
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 FIGURE 58.  Examples of Hyperacute NHP MCAO MR Images, PWI, DWI, T2 

 Example between-subject differences of resultant raw PWI and DWI data following MCAO. Shown are 

 two subjects experiencing tMCAO from single session MRI. Raw DICOM Images have histogram 

 intensities rescaled in thresholds relevant to ischemia (PWI < 50ml/min; DWI < 350 au). Images represent 

 DWI and PWI data overlaid onto T2W images (fusion image; overlayed with reduced opacity) to better 

 illustrate anatomical localization.  Figure by Harrison,  2022 
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 6.2.7 MR Data analysis 

 All estimates of infarction volume by MR imaging were analysed by a custom pipeline written by KAH, 

 with a visualization of the pipeline shown in Figure 59, and described in this section. 

 1.0. All data from subjects were hosted on an internal server network, allowing a common archive of NHP 

 MCAO experiments. Data were aggregated from animals that experienced either a single session of 

 neuroimaging during a long-term survival MCAO experiment, or multiple runs of neuroimaging during a 

 non-survival MCAO experiment between the years 2013 to 2020. All MRI scan series were performed 

 during the MCAO to determine the perfusion deficit and early infarction volume on diffusion weighted 

 imaging. Two general groups of animals were found in the database; 

 1) single PWI-DWI performed during the MCAO to determine the perfusion deficit and early infarction 

 volume on diffusion weighted imaging. These animals were later recovered from anesthesia, with additional 

 results discussed in Chapter 6; or 

 2) multiple PWI-DWI, where animals experienced repeated neuroimaging over a 3-9 hours period post 

 cerebral occlusion in a terminal MCAO experiment. 

 1.1. All imaging data were stored using the DICOM file format, and later converted to NIfTI format for 

 manipulation. Since the NIfTI standard offers limited support for the various image acquisition parameters 

 available in DICOM files, additional meta information is extracted from DICOM files as required. 

 Following scans, images were copied to the host machine in DICOM format (.ima or.dcm) and converted to 

 NIfTI format using dcm2nii from MRIcron (Rorden and Brett, 2000). 

 1.2. The data used in the study were renamed and organized in line with the Brain Imaging Data Structure, 

 (Gorgolewski et al., 2016). Files were renamed by automated renaming conventions. 
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 1.3 All data were analyzed on a macbook pro, with a Intel Core i7 2.5 GHz processor, 16 GB of memory, 

 500gb SSD-PCI storage, and AMD Radeon R9 M370X GPU (x86_64-apple-darwin17.6.0). The total size of 

 the unprocessed data was 200GB, however, including the computational packages, and end processed data, 

 the storage requirements were 932 GB. As such, at least two external backup disks were made of the data at 

 any time, with seven hard drives corrupted during the writing of this thesis. Several packages and compilers 

 were programmed onto the machine (referred to as a bare metal installation). These included, but are not 

 limited to, Python, matlab, FSL, ANTS, and homebrew. 

 1.4. The majority of computation was performed in the R statistical computing environment, spanning 

 version 3.5.3 to 4.0.1 (R Core Team, 2022). The majority of R packages are housed in Neuroconductor 

 (https://neuroconductor.org) an open-source platform for rapid testing and dissemination of reproducible 

 computational imaging software (Muschelli et al., 2019). All plots were made using custom R ggPlots 

 (Wickham, 2016). 

 2.1. NIfTI formats were used for analysis. A MRI processing pipeline, written in R, aligned and corrected 

 raw NIFTI data, but all data were individually screened by the author. The majority of the pipeline is based 

 on work by John Muschelli and Elizabeth Sweeney of Johns Hopkins University, Automated 

 Normalizations Tools (ANTs;  Avants et al., 2011;2020) , FSL base functions, and Orthographic functionality 

 (Whitcher et al., 2011). The atlas used was the MNI Macaque Atlas (  Frey et al., 2011), including facial 

 anatomy. Use of this atlas was found to be superior to brain-only atlases. (e.g., INA19). This may be due to 

 deformations to neural tissues caused by surgical manipulation, thus additional anatomical landmarks 

 improved automated spatial normalization. 
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 2.2. The majority of preprocessing was performed by the MRI technician at time of scanning. 

 Additionally, the main scan sequences of interest are non-anatomical, thus making post-processing 

 correction difficult. Thus, DWI and PWI images were processed as-is. 

 First, a within-subject coregistration was applied of the T2-weighted image to the atlas. Liner registration 

 was performed using a rigid transformation of anatomical images to the atlas. Then, a nonlinear (6DOF 

 Affine) was applied on the rigid transformation. The function, (ants_regwrite) has arguments to apply 

 matrix transformations to all files within a session, so that they experience the same spatial transformations, 

 and are upsampled to the same resolution at the atlas template. Thus, Multi modal registration was 

 performed simultaneously. All transformations assumed linear interpolation of voxel intensities in new 

 space. Then, an N4-bias-correction , and outlier removal, was applied to the registered T2-weighted images. 

 2.3. In cases where animals were moved during scanning, but lacked an additional anatomical image, 

 cross-session registrations utilized the template-registered results of a subject to additional sessions. In other 

 words, following registration of the first scan session, all sequential registrations were made to the 

 within-subject registered DWI. 

 2.4. To conduct skull stripping, we applied a 20 voxel dilation to the atlas brain mask, as a preliminary 

 cropping on the registered and N4 corrected image. A refined mask was made by running Brain 

 segmentation with spatial tissue priors to categorize the image into brain vs non-brain tissues. A tissue 

 segmentation prediction (atropos) was applied to the T2 image, with a three-part classification in FSL and 

 ANTs, which segments the image into Cerebrospinal fluid (CSF), Gray matter (GM), and White matter 

 (WM). Tissues identified as grey-matter and white-matter were added to make a subject-specific brain 

 mask. 
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 FIGURE 59.  MRI analysis pipeline for obtaining estimates of NHP post-MCAO infarction volume 

 See section 6.2.6 for discussion of each step of the pipeline. 
 Figure by Harrison, 2022 
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 3.1 Following registration and normalization, ASL and DWI b1000 images were inspected for the 

 distribution of signal, particularly for ASL sequences. It is known that small variations in size, blood flow, 

 and hematocrit concentration, can alter the efficacy of ASL signals. Thus, images intensity histograms were 

 screened to classify PWI images as having a ‘strong’ signal or ‘weak’ signal, as such alterations may 

 influence identification of ischemic regions. 

 3.2 PWI, rCBF, DWI b1000, and ADC images were upsampled to 0.25mm x 0.25mm x 0.25mm. A 4 

 voxel K-means smoothing kernel (FSL;  Smith et al., 2004 ) applied to the NIFTI stack to reduce signal 

 acquisition errors relating to low native resolution. Volumes of ‘ischemic perfusion deficit’ were a threshold 

 of rCBF < 30cc/100g/min a.u ( Astrup et al., 1981) . Volumes of ‘ischemic infarction’ were by signal 

 intensity of DWI-b1000 >800 a.u  and DWI-ADC < 370a.u (similar to Arakawa et al., 2006). These two 

 regions of interest (ROI) defined the prospective ischemic lesion by a binary 3d boolean matrix (0 = normal, 

 1 = lesion). Following thresholding, masks were multiplied against a boolean target region over the 

 ipsilateral hemisphere of interest. ROIs volumes were calculated by summing the total number of voxels. 

 Percent lesion volume was calculated as a ratio of the ROI over whole brain volume (brainmask). No 

 corrections for edema or craniotomy shift were included in calculations. Results were validated by 

 hand-traced segmentation, using ITK-SNAP software ( N = 20; R  2  = 0.88; 14%  vs  16% ;  data not shown  ) . 

 3.3. As DWI volume was obtained serially over 6 h, these data can provide a response curve for the 

 growth of issues experiencing DWI signal abnormal for the given tissue type. 

 3.4. As animals were archived from past pre-clinical trials, the data can be subdivided based on the species 

 of animal, animal size, year of study, past surgical procedures, and whether the animal was part of a 

 treatment or control group. 
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 6.2.8 Statistical analysis 

 Microsoft Excel, and R were used to manage human-coded data, such as surgical variables and animal 

 weights. All data were analyzed using statistical software ‘R’ (CRAN. R version 3.4 - 4.0). Graphs were 

 created through R-Studio. Several R packages were used in preparation of this data and manuscript, 

 including lme RStan, ggplot2, and ggradar. All data are reported as mean ± SD, and are based on MR data 

 registered to an Macaque anatomical template. R graphical plots have a 2% vertical and horizontal jitter 

 function applied to better enable visualization of subjects. Shaperio-Wilks test will identify the distribution 

 of the data. All statistical tests used two-sided tests of significance. Parametric Data were evaluated by 

 Student’s t-test as unpaired, and two tailed. Non-parametric data were by Mann-Whitney U test.  In cases 

 where significance was found, a Bonferroni correction was applied post-hoc to detect  the differences among 

 groups when equal variance was assumed, while Dunn’s test was performed when equal variance was not 

 assumed. As ~10 comparisons were evaluated, To account for multiple comparisons, Bonferroni correction 

 was set to P ≤ 0.005 considered to be statistically significant. For correlations, Pearson’s correlation 

 coefficient was calculated  (R  2  ), and all coefficients  calculated using a moving intercept model. 

 Inclusion / Exclusion Criteria: 

 All imaging was reviewed for data quality. Inclusion criteria in primates was confirmation of MCAO 

 induction by acute Perfusion or diffusion changes in fMRI, or visible occlusion on angiography. This 

 population will include animals with permanent ischemia, and transient ischemia to model thrombectomy 

 and no intervention. Subjects were excluded if the subject could not be identified in the database, was 

 missing MRI imaging at time of MCAO, or was reported as experiencing mortality within 3 hours of 

 neuroimaging. However, due to the acute nature of this procedure, and expertise of staff, no mortality was 

 seen. Filtering of individual NHP Data only occurred if the scans of interest were not in the subject 

 directory, or scan quality was not applicable for analysis. Subjects were evaluated against past internal 

 datasets for post-hoc measure of Inter-rater reliability. 
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 6.3  Results 

 6.3.1 Demographic Summary & Exclusions 

 During the period of 2013-2020, 156 NHPs animals underwent a surgical model of stroke, between 6AM 

 and 10PM EST weekdays. Acute MR imaging data available for 101 subjects. However, as 19 animals had 

 two instances of MCAO, this results in a total of 120 neuroimaging observations of MCAO within an hour 

 of ischemic onset. These results include; 97 captive-bred cynomolgus macaques (M. fascicularis; 8 female, 

 88 male) of Mauritian origin, and 4 Rhesus Macaques (M. Mulatta; 1 female, 3 male ). Full surgical and 

 demographic data was available for 88 sessions; with temperature maintained at 36.5 ± 0.9 ‘C (33 to 39°C). 

 Due to the acute nature of these data, no animal mortality was expected, and exclusion factors of weight loss 

 are not relevant. In addition, as the goal was to characterize variations in perfusion MRI data, no animals 

 were excluded from the study. A table of relevant demographic data is shown in X. No animals were 

 reported as experiencing unexpected mortality or serious physiological complications. 

 Checking Assumptions; Inter-rater reliability 

 Different methods for assessing MR imaging data – such as exact definition of thresholds and voxel 

 boundaries – result in different estimates for the volume of infarction. For 10 of 120 sessions, lesion 

 volumes per-subject were available by previous researchers within the lab, allowing calculation of inter-rater 

 reliability. Thus, we assessed the independent agreement of infarction volumes depending on the observer. 

 Results of Pearson correlation in delineation of MRI lesion volumes between observers was R  2  = 0.77, 

 suggesting a strong agreement between observers. Thus, we suggest that the results presented reflect minor 

 possibility for error, depending on the individual assessor and algorithm delineating ROIs, being 

 approximately ~25% (i.e., O  1  = 14% versus O  2  =17.5%  total brain volume). 
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 Summary of Animal Data: 

 Study Batches  6 datasets 

 Data Acquisition Year  2013 - 2019 

 Sex  8 Female, 100 Male 

 Age  38.9 ± 17.3 months  min 24, max 120 

 Weight  3.6 ± 1.4 kG  min 2.2, max 10 

 Temperature  36.5 ± 0.9 ‘C  min 33, max 39 

 Isoflurane  1.7 ± 0.4%  min1, max 3 

 Heart rate  103 ± 20.5 BPM  min 55, max 204 

 Respiration  38 ± 10.4 BPM  min 15, max 60 

 Brain Volume  78420 ± 3563mm  3  71890  mm  3  , 88900  mm  3 

 DWI Volume  (60min)  14.6 ± 5.9%  2.3% to 29% 

 PWI Volume  (60min)  18.3 ± 6.7%  5% to 33% 

 TABLE 13.  Experimental Hyperacute NHP MCAO  animal demographics 
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 Checking Assumptions; unbiased animal demographics between studies 

 Animals were part of 6 different experimental protocols or ‘Projects’ with 5-40 animals per-batch (average 

 18±14 animals per study), thus allowing for general identification of batch level effects, summarized in 

 Table X. However, before these data were considered for pooled analysis, comparisons were run to examine 

 if bias existed between animal demographics between studies that may influence findings. 

 Mean weight of animals was 3.6 ± 1.4 kG (min 2.2, max 10), and age 38.9 ± 17.3 months (range, 24 to 

 120 months). Animal ages and weights were not significantly different based on animal sex. There was a 

 significant correlation between animal age and animal weight (  pearson R  = 0.77, p <0.001), though this 

 relationship was less strong when evaluating the effect per-study (  R  study 1  = 0.15,  vs  R  study 2  = 0.56).  A 

 significant difference in the average weight and age of animals was found between two of the 6 studies 

 (serial t-test,  p -holm  <0.001). There was a significant  difference in the size of animals used in tMCAO 

 experiments vs pMCAO experiments (4.4 kg vs 2.5 kg, N = 89,  p  < 0.00001). 

 No significant correlations were found for age or animal weight affecting ischemic volumes of perfusion 

 or diffusion (  R  <0.2,  p  >0.1). Similarly, there was  no significant difference in animal ages or weights 

 depending on allocation to treatment or placebo (3.2 ± 1.2kg  vs  4.1 ±1.1kg, respectively). In summary,  no 

 significant effects were attributed to animal weights; operative temperatures; duration of surgery, or time of 

 day at which the surgery occurred versus MCAO lesion volume (  Data not shown)  . As none of the subjects 

 received novel treatment at the first imaging timepoint, and there was a lack of significant differences in 

 subject demographics across studies, it was appropriate for the data to be pooled for analysis. 
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 Group  Project  # MRIs  # MCAOs  TTT  MCAO Type  DWI & PWI  N 

 1 

 Study R  multiple-MR  single-MCAO  60min  pMCAO  Y  10 

 Study L  multiple-MR  single-MCAO  30min  pMCAO  Y  4 

 Study UR  multiple-MR  Previous MCAO  60min  pMCAO  Y  19 

 2 

 Study A  single-MR  single-MCAO  60min  90m tMCAO  y  40 

 Study U  single-MR  single-MCAO  90min  90m tMCAO  y  20 

 Study N  single-MR  single-MCAO  60min  90m tMCAO  y  2 

 Study N  single-MR  single-MCAO  300min  90m tMCAO  Only DWI  6 

 Study N  single-MR  single-MCAO  60min  90m tMCAO  Only DWI  2 

 Study D  single-MR  single-MCAO  300min  90m tMCAO  y  13 

 Study N  single-MR  single-MCAO  30min  90m tMCAO  y  4 

 Total;  120 

 TABLE 14.  Experimental  NHP MCAO  Per-Study animal numbers, and  available data 
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 6.3.2 Factors in Acute Experimental MCAO: Infarction volumes For Single DWI-PWI 

 These data were collated into two groups based on methodology; (1) multiple PWI-DWI; and, (2) single 

 PWI-DWI. For repeated measure studies, (N = 33; section 5.3.x) focal cerebral ischemia was via permanent 

 electrocautery MCAO, with repeated measures of DWI and PWI across 7 hours. In examining only the first 

 timepoint, data from these repeated measures subjects may be aggregated with the remaining 87 MCAO 

 sessions which experienced only a single session of DWI-PWI imaging. For data in which only a single 

 instance of MR imaging occurred during ischemia, MCAO was induced by a titanium aneurysm clip 

 transiently blocking the MCA. However, a challenging question is whether the volumes of PWI or DWI 

 volumes differ based on the surgical and MR methods employed, and treatment allocation. Thus, prior to 

 pooled analysis, comparisons were run to examine if bias existed between sample populations. 

 Time to imaging 

 Across the 120 observations, time to first image ranged from 10 min to 70 min post-occlusion (x̄ = 36 ± 

 11min). It was found that animals that underwent pMCAO received MR imaging more quickly than those 

 with clip-occlusion models (uncorrected  p  -value <  0.00001, CI 9.8min to 18.6min; tMCAO = 32min, 15min 

 to 70min;  versus  pMCAO = 19min, 12min to 52min). However,  there was no difference in time to imaging 

 for whether animals were allocated to treatment or control groups (19 ± 6min vs 22 ±7min; p >0.1), and did 

 not differ for animals that had novel compounds administered immediately post-MCAO  versus  those who 

 received compounds after 60min or later (20±5min vs 21±8min). There was no significant relationship for 

 the volume of infarction, inferred from PWI nor DWI, depending on time to first image. 
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 MR imaging types included 112 sessions of both PWI and DWI imaging, while the remainder only had 

 only DWI imaging available. No difference was found between the mean infarction volume observed in 

 animals between datasets once accounting for multiple comparisons using a bonferroni correction (ANOVA 

 across 6 studies, uncorrected  p  = 0.03,  n.s.  ). However,  post-hoc  evaluation of study-A  versus  study-D 

 suggested a difference in group infarct averages (Dunn’s Test,  p  Bonferroni < 0.001; x̄  study A  = 22.6 ± 2.4%  vs 

 x̄  study D  = 8.1 ± 1%,  Figure 60  ). Though no novel  treatments were acutely applied in investigations, and study 

 populations received the same method of MCAO induction, a difference in MR imaging quality between 

 these investigations due to upgrades of MR equipment was identified  post-hoc  (Figure 60). No significant 

 differences were found between groups DWI or PWI based on whether the animal was allocated to a drug 

 treatment group, or the intended time to treat (TTT). 

 Regarding the effect of surgical and MR method on PWI, volume of perfusion deficit (PWI) for subjects 

 that received a single instance of MR imaging during cerebral ischemia, versus those that received multiple 

 instances of cerebral ischemia trended towards significance (Two Sample t-test; clip model = 16ml  ± 6ml or 

 21% ± 6%; electrocautery =  14ml  ± 5ml, or 17.4% ± 4.5%; uncorrected  p-value  = 0.01;  data not shown  ). 

 Similarly, while there was a trend towards significance in the volume of diffusion deficit between subjects 

 that underwent a single MR scan versus multiple scans, the difference did not meet significance when 

 corrected for multiple comparisons (Two Sample t-test; t = 3.1, df = 118, uncorrected  p-value  = 0.003, CI, 

 0.013 to 0.059; clip model = 17.2% vs electrocautery = 13.6%;  Data not shown  ). 

 Thus, these results suggest that animals were of a common population regardless of the initial study 

 protocol, exact time to first image, or MR and Surgical methodologies employed. 
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 FIGURE 60.  NHP PWI-DWI deficits during first post-MCAO MR image across batches 

 Examination of possible batch effects across trials. Box-plots of PWI or DWI of brain infarction in NHPs, 

 per batch. Moderate effects were estimated to exist between studies, and post-hoc significance was found 

 between study A and Study D.  Figure by Harrison, 2022 
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 Correlations PWI/DWI 

 Having confirmed that the animal population was relatively homogenous, descriptive statistics can be 

 performed to investigate whether differences exist between groups. Results of the Shapiro-Wilk normality 

 test indicated that DWI values were normally distributed (W = 0.98, p-value = 0.1); PWI volumes, however, 

 were not (W = 0.96, p-value < 0.0002). Correlation analysis suggested a strong relationship between PWI 

 and DWI measures. The strength of the relationship between these measures was R = 0.66, (Figure 61a). 

 Surprisingly, this relationship was not seen in all subjects, with perfusion  versus  diffusion deficits  differing 

 between animals such that there was not a common slope between timepoints (Figure 61b).. 

 Positive vs Negative PWI / DWI 

 Normally, the PWI volume is substantially larger than the DWI volume shortly after onset of ischemia, 

 that is, a positive diffusion-perfusion mismatch (Meng et al., 2010; Sorensen et al., 1996). The mean volume 

 of perfusion deficit at first imaging in the sample was 18.9 ± 7.5% (N = 112; 5% to 33%), and apparent 

 DWI infarction was 14.6 ± 5.9% (N = 120; 2.3% to 29%; Figure 61b). Examining the relationship of initial 

 PWI to DWI on a per-subject level suggests that the majority of perfusion imaging volumes were larger than 

 diffusion volumes. Of interest however, in these single-measure data, 31 of 120 observations (approximately 

 28%) had a perfusion deficit that was smaller than the diffusion volume. However, the majority of these 

 cases were exclusive to study #6 (13 of 30 observed negative PWI-DWI relationships). Accounting for all 

 studies, it is estimated that at approximately 35 minutes, the average diffusion volume deficit was 77% the 

 volume of the perfusion deficit. 
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 FIGURE 61.  Correlation of PWI-DWI deficits in NHPs during first post-MCAO MR image 

 Upper; results suggest a significant positive correlation of DWI and PWI volumes at MCAO(R = 0.66, p < 0.001 ). 

 The effect was seen in 5 of the 6 studies (ranging from Person correlation coefficient R = 0.5 to R = 0.85). However, 

 not all animals showed this positive relationship. Lower right; Per-subject Slope plot illustrating individual animals, 

 with positive mismatch in green, and negative mismatch in yellow.  Figure by Harrison, 2022 
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 6.3.3 Factors in Acute Experimental MCAO: Infarction volumes in Repeated DWI-PWI 

 To further investigate the temporal relationship of ischemic infarction, 33 animals had multiple runs of 

 DWI and PWI measures over several hours (N = 33 NHPs; n = 243 observations; average 7±2 DWI-PWI 

 runs per-subject, ranging from 2 to 14 sessions). In these data, focal cerebral ischemia was via permanent 

 electrocautery MCAO, with repeated measures of DWI and PWI up to 7 hours post-MCAO (range 200min 

 to 580min). These subjects provide a unique insight into the progression of ischemic injury over time; as 

 high-fidelity investigations of stroke expansion – in clinical populations or NHP ischemia models – is a 

 relatively novel and under-studied effect (Kidwell et al., 2003; Lapchak et al., 2019). An example of these 

 repeated measure data for Perfusion imaging is presented in Figure 62. Specifically, a benefit to this 

 technique is that time-series curves of NHP focal cerebral ischemia can be estimated for both MR measures 

 of infarction. Within and between subject variability was analyzed for both measures of Perfusion and 

 Diffusion imaging estimates of the region of ischemia. For all subjects, an additional time point reflecting 

 ‘prior-to injury’ was added to the data, so that a logarithmic curve could be interprolater per-subject (t  0  = 0 

 minute post-MCAO, DWI = 0% infarction, PWI = 0% infarction). The data were analyzed with this 

 assumption (Figure 63), and without (Figure64). While there was some heterogeneity in response, 

 logarithmic prediction suggest mean infarction of NHP pMCAO at 7 h DWI volumes averaged 25 ± 7% of 

 total brain volume (CoV = 28%), with a significant fit of the data to logarithmic approximation (model = 

 volume ~ log(time; R  2 
 ADJ  = 0.59;  p  < 0.0001; Residual  standard error, 5.7%). 

 Of note, a challenge with this repeated measure data is that – though treatment allocation was a 1:1 design 

 – only 5 of the 33 animals were unblinded to treatment groups, while the author was not provided data on 

 per-subject treatment allocation for the remainder (i.e., blind to treatment groups). However, for animals in 

 which treatment allocation was known, no significant differences were identified between subject mean 

 infarction for PWI nor DWI. 
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 FIGURE 62.  Example of NHP MCAO processing of PWI-DWI images for infarction volume estimates. 

 Representative MRI sections an NHP undergoing MCAO with PWI imaging, and results of the imaging 

 region of interest (ROI) extraction over several hours. PWI-rCBF images are produced from the ASL-MRI 

 protocol (see section 1.8). Thus, ischemic tissues would not have labeled blood enter the region for 

 alteration of signal in control-contrast pairing. Here, normally perfused tissues with a rCBF > 60% are 

 thresholded red-yellow, while rCBF < 60% is coloured green-darkblue. PWI-rCBF images of NHP brain 

 tissues at a coronal slice are shown over multiple can periods. PWI-rCBF images were processed by a 

 custom imaging algorithm by KAH to classify the image into 2 parts, normal or ischemic. Grey blobs 

 indicate voxels of that image likely being ischemic tissues. Per-subject volumes of infarction were made by 

 interpolation of total brain volume versus ischemic lesion volume.  Figure by Harrison, 2022 
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 FIGURE 63.  Temporal evolution of 

 PWI-DWI deficits on LOG model, 

 assuming t ���  = 0% 

 Results of Temporal evolution of 33 

 NHPs with pMCAO and serial MR 

 imaging over several hours. Points are 

 raw observations of ischemic lesion 

 volumes (as % total brain volume per- 

 subject), and lines are a fit of per- subject 

 observations over time with t ���  = 0%. 

 Red = apparent diffusion coefficient, DWI 

 Blue = cerebral blood flow (PWI), 

 Yellow = volume of PWI-DWI overlap 

 Note that not all PWI volumes are greater 

 than DWI volumes, relating to DWI < 

 PWI versus DWI ≥ PWI mismatch, 

 Similar data is presented in FIGURE 64 

 Figure by Harrison, 2022 
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 FIGURE 64.  Temporal evolution of PWI-DWI deficits on LOG model, not assuming t ���

 Results of Temporal evolution of 33 NHPs with pMCAO and serial MR imaging over several hours, 

 similar to FIGURE 63, but without assumption of t ���  = 0% injury. Red = apparent diffusion coefficient, DWI 

 Blue = cerebral blood flow (PWI), Yellow = -ve PWI-DWI overlap, Green = +ve PWI-DWI overlap, 

 Figure by Harrison, 2022 
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 Within and Between Subject Variation 

 Aggregating all data and observations (n = 243), PWI averaged 20.56± 5.27%(6.20% to 32.70%; sample 

 CoV = 26%) while DWI volumes averaged 20.4±6.1% (6.70% to 34.10%; sample CoV = 30%). DWI lesion 

 volume proved to be very dynamic, but generally increased over time across subjects. PWI, conversely, did 

 not appear to have a clear indication for change over time in this sample. DWI values had normal 

 distribution (W = 0.98, p-value = 0.008), while PWI volumes did not (W = 0.94, p-value < 0.00001). 

 When examining per-subject values (N = 33), average volumes of perfusion did not differ greatly from 

 pooled observations, being   20.4 ± 5.08% (8.10% to 32.70%). Within-subject PWI variance averaged 3 ± 

 3.8% (0.5% to 13.6%; CoV per-subject ~20%). Surprisingly, the average delta over time suggested PWI 

 volumes decreased -1.2 ± 4.4% of total brain volume per subject, though some individuals saw an increase 

 (range -13.60% to +7.40%). Specifically, 5 NHPs had growth of the perfusion deficit, while 28 had a 

 decrease. Thus, there did not appear to be a common direction of perfusion changes over time in this 

 sample, but generally decreased per-subject over 6 hours. 

 Regarding within subject variability of DWI, per-subject volumes averaged   20.4± 6.5% (9.60% to 29.2%). 

 Within-subject DWI variance was substantial; averaging 10.1±4.4% (-0.5% to +17.3%; average CoV 

 per-subject of ~55%). This is likely due to the increase in diffusion volumes over time, reflecting growth of 

 injured tissues, which increased on average by 7.7±7.2% of total brain volume per-subject over 6 hours (i.e., 

 from 9% at 30min to 16.7% at 400min). Surprisingly, though the vast majority of NHPs had growth of the 

 diffusion deficit (N=28, 10.±4.3%, 0.5% to 17.3%), 5 subjects had DWI volumes decrease (N=5, 

 -5.8±2.6%, -9.6 to -1.5%). Of the 28 NHPs which saw infarct growth, 4 animals had DWI volumes 

 essentially plateau within 60min. 
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 Correlations PWI/DWI 

 Analysis of the data for all subjects at all points in time may support the observed strong relationship 

 between PWI and DWI measures at a single time-point (see previous section). Examination of PWI and 

 DWI measures in pooled analysis of subjects, with assumption of t  0,  suggested a strong positive relationship 

 between perfusion and diffusion measures. The strength of this pooled relationship was R = 0.8, and there 

 did not appear to be a significant effect regarding the time to imaging on this relationship (Figure 65a). 

 However, this effect was not seen when examining the per-subject data. Surprisingly, the relationship 

 between perfusion  versus  diffusion deficits differed  greatly between animals, such that there was not a 

 common slope between timepoints. When not assuming for t  0  , it was found that some, but not all, NHPs  had 

 a positive PWI to DWI correlation (PWI > DWI; R = 0.58, Figure 65b). Thus, the perfusion/diffusion 

 mismatch was found in some subjects to be positive (PWI >DWI), while others it was negative (PWI < 

 DWI). This supports findings within and between subject data; and results of single-imaging data. 

 Positive  vs  negative PWI/DWI 

 Having identified that there existed differences in the profile of perfusion and diffusion volumes in the 

 population over time, namely that  they may have growt  h  or decline, it is possible that such a profile inferes 

 significant differences. Thus, the 33 NHPs were subset into six subtypes based on the MRI profile, shown in 

 Figure 66.When grouped on by PWI-DWI mismatch profiles, results of ANOVA suggested significant 

 differences between group PWI average volumes, but not DWI. However, there was a significant difference 

 of infarct growth, or change of infarct volumes, for DWI negative subjects  versus  DWI positive subjects 

 (T-Test; -5.8% versus 10.1%; p-holm = 0.01;  data not  shown  ). 
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 FIGURE 65.  Correlations of PWI-DWI deficits in NHPs with serial pMCAO MR imaging 

 A) using data from Figure 63 which includes assuming t ����� results of 33 NHPs with repeated MR imaging  suggest a 

 significant positive correlation of DWI and PWI volumes at MCAO. Colours indicate timepoint post-MCAO 

 B) using data from Figure 64, in which t ��� .is not  assumed, results of 33 NHPs with repeated MR imaging, the 

 relationship between variables is diminished. Colours indicate subjects, and lines indicate within-subject changes. 

 These results may constitute a ‘simpson's paradox’ in which the overall trend is not reflective of sub-group effects. 

 Figure by Harrison, 2022 
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 FIGURE 66.  LOG model of hyperacute deficits grouped by PWI-DWI mismatch, assuming t  0  = 0% 

 Upper, data similar to Figure 63, but with subjects grouped by having +ve or -ve PWI-DWI mismatch and 

 growth profiles. This resulted in six different MRI profiles of ischemic infarction in these 33 NHPs. 

 Lower, Results suggested significant differences between group PWI average volumes, but not DWI. 

 Figure by Harrison, 2022 

 327 

C)B) PWI by Group DWI by Group
Time (min)

320

Ax
is

A) Over Time

NHP-MCAO PWI-DWI by Characteristics 
   

 B
ra

in
 In

fa
rc

tio
n 

( %
 T

ot
al

 B
ra

in
)  

 

10%

20%

30%

0 200 400 6000 200 400

   
 B

ra
in

 In
fa

rc
tio

n 
(%

 T
ot

al
)  

 

0%

10%

20%

30%

0%

10%

20%

30%

 



 6.4 Conclusions 

 6.4.1  Summary of results 

 The concept that mismatch, defined by perfusion exceeding diffusion lesion volumes, was p  ostulated as an 

 operational definition of the penumbra by Warach and coworkers in the late 1990s (  as cited in  Donnan et  al., 

 2007  , pg 307-310). 

 The present chapter reviewed a craniectomy model of MCAO in Macaque monkeys. Here, animals were 

 aggregated from several preclinical investigations, in which subjects underwent single or multiple rounds of 

 neuroimaging. Though the primary goal of each study was to evaluate a novel therapeutic, these data can 

 provide insight into the variability and relationships of the MCAO method. Volumetric data of ischemic 

 injury were normalized as a ratio of the total brain volume rather than direct measures (i.e., mL tissue) so as 

 to reduce bias in the findings due to differing animal sizes. Importantly, to best reflect the clinical situation, 

 drug administration for preclinical trials did not immediately begin for the vast majority of sessions (N = 

 115 of 120). Thus, it was assumed that all initial images may be considered to be from the same population 

 of ‘control’ animals. The goal of this chapter was to investigate the variability of the NHP MCAO model, so 

 that future researchers may be better informed to design preclinical trials with sufficient statistical power. 

 Results suggest the disagreement between different observers and the automated MR pipeline – for both 

 DWI and PWI lesion volumes – was approximately 25% error (see section 5.3.1), being slightly greater than 

 inter-observer variability reported in clinical literature (e.g., 17%; Tong et al., 1998). Present NHP data were 

 collated from past studies, and divided into two grou  ps  based on methodology; (1) single PWI-DWI; and, 

 (2) multiple PWI-DWI. 
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 Across the 120 single PWI-DWI observations, time to first image ranged from 10 min to 70 min 

 post-occlusion (x̄ 36 ± 11min). No significant effects were attributed to animal weights; operative 

 temperatures; duration of surgery, or time of day at which the surgery occurred, exact time to first image (15 

 min to 70min), nor surgical methodology. That there was no significant relationship for the volume of 

 infarction depending on time to first image is surprising. One would expect that, because the ischemic 

 penumbra becomes part of the core infarct over  longer  durations of ischemia, one would infer that more 

 rapid time to first image is a strong indication of smaller lesion volumes. However, it may be that the 

 hyperacute nature of scans, being approximately 20-60 min post MCAO, prevents observing an effect of 

 infarct evolution for altered tissue water may require several hours (e.g., see Ogata et al., 2011). Differences 

 between study populations observed in PWI and DWI volumes, this finding may be the result of upgrades to 

 the MR machine over the 7 year period (similar to differences in software versions and manufactures 

 observed in X-ray technologies, e.g., Hammami et al., 2004). In aggregating all data within approximately 

 60min post MCAO, it was found that there were differences between study groups estimated volumes of 

 infarction, with the largest mean volume of perfusion deficits in one study suggesting average volume of 

 infarction at 60min was ~ 22.6 ± 2.4%  vs  only 8.1  ± 1% in a separate study population. Too, there was a 

 trend for larger PWI and DWI volumes in studies using metal clips to occlude the MCA territory 

 (approximately 3.6% larger infarction volumes). 

 The mean volume of perfusion deficit at ~60min in the sample was 18.3 ± 6.7% (N = 112; 5% to 33%), 

 and apparent DWI infarction averaging 14.6 ± 5.9% (N = 120; 2.3% to 29%; Figure 61b). In the present 

 results, there appeared to be a strong relationship between PWI and DWI volumes of infarction at 

 approximately 60min post-MAO, with a correlation of 0.66. However, not all animals had perfusion deficits 
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 larger than diffusion volumes, with approximately 27% of subjects having an inverse PWI-DWI relationship 

 (i.e., DWI > PWI). 

 In examining 33 subjects that had continuous MR imaging for 6 hours post-MCAO (n = 243 

 observations), PWI averaged 20.56 ± 5.27% (ranging from 6.20% to 32.70% total brain volume) while DWI 

 volumes averaged 20.4±6.1% (ranging from 6.70% to 34.10%). Within-subject PWI variance averaged 3 ± 

 3.8% (0.5% to 13.6%; average CoV per-subject of ~20%), while Within-subject DWI variation was 

 substantial; averaging 10.1 ± 4.4% per animal (0.5% to 17.3%). 

 DWI volumes generally increased over time, while PWI decreased. Similar to clinical populations, some 

 NHPs demonstrated rapid evolution of the infarct (fast evolvers; e.g., animal  1606245  ), while others had 

 indications of penumbral tissue even hours after initial vessel occlusion (slow evolvers; e.g., animal 

 1602463  ). Another surprise was that, of the 28 NHPs  which saw infarct growth, 4 animals had DWI 

 volumes essentially plateau within 60min. It is known that, in human patients, the degree of volume 

 expansion may vary depending on the patient’s specific vascular lesion and perfusion deficit (Sorensen et 

 al., 1996). Several NHPs in the present analysis were ‘fast evolvers’, with 60% of the population achieving 

 80% of final infarct volume by 3hrs post-MCAO. However, this finding is partially due to some subjects 

 having spontaneous reversal of DWI signal volumes. Specifically, 15% of subjects showed reversal of DWI 

 volumes; often related to large decreases of PWI. Approximately 60% of subjects having repeated MR 

 imaging showed an inverse PWI-DWI relationship at 6 hours post-MAO (i.e., DWI > PWI). These results 

 are, to the author's knowledge, the first report of spontaneous differences in PWI-DWI mismatch in 

 macaque monkeys, and reversal of PWI and DWI lesion volumes. These results, though novel, support 

 findings in the clinical literature, where early diffusion lesion reversal can occur after recanalization 

 treatment, and spontaneously in patient populations (e.g., Darby et al., 1999; Neumann-Haefelin et al., 1999; 

 Sorensen et al., 1996; Kidwell et al., 2003; Beaulieu et al., 1999). The reversibility of lesions observed by 

 diffusion-weighted imaging remains controversial, and replication of these results is required.Too, the 
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 blinded identify of treatment vs control in this population prevents establishing if the effect was observed in 

 the placebo group of animals. 

 A second novel finding was that, in both single-time point and repeated measures data, not all subjects had 

 perfusion deficits larger than diffusion volumes. A perfusion/diffusion mismatch has been proposed as a 

 surrogate for the ischemic penumbra. A positive mismatch is considered a marker of ischemic penumbra, 

 while negative mismatch is at times referred to as “ non-penumbral pattern’. Not all NHP subjects 

 experiencing MCAO showed a positive PWI-DWI mismatch, with perfusion/diffusion mismatch was found 

 to be both positive (PWI >DWI), and negative (PWI < DWI) in both single time point and repeated 

 measures data. These results are in agreement with past publications from clinical research, but have not 

 been reported in experimental NHP MCAO. 

 In humans, the perfusion–diffusion mismatch is often detected up to 6–12 h after stroke onset, and the 

 frequency of detection decreases with time (Darby et al., 1999). Human patients having a positive 

 PWI-DWI mismatch are hypothesized as being more likely to benefit from early reperfusion than patients 

 with other MRI patterns (e.g.,; Albers et al., 2006). A positive mismatch acutely between the region of 

 hypoperfusion (larger) and the region of diffusion abnormality (smaller) may be predictive of ischemic 

 lesion enlargement (Baird et al., 2004). However, human patients with the largest initial PWI-to-DWI 

 difference do not necessarily have the largest increase in lesion size (Tong et al., 1998). Similarly, an inverse 

 PWI-DWI relationship may suggest post-infarct growth is greatly reduced in such cases (Beaulieu et al., 

 1999; Kidwell et al., 2003). Clinical stroke patients assessed within 6-24 hours post CVA suggest between 

 0% (e.g., Tong et al., 1998) to 35% (e.g., Rivers et al., 2006) of patients have a DWI greater than or equal to 

 PWI (Darby et al., 1999; Neumann-Haefelin et al., 1999; Beaulieu et al., 1999). The results of present NHPs 

 suggest that 27% of animals have a negative mismatch of PWI-DWI at 60min post MCAO, but at 6hrs this 

 may increase to 60% of subjects. It is conceivable that the degree of PWI/DWI mismatch is an important 
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 factor in predicting the response to therapies or influencing the natural course of stroke. However, the 

 present data unfortunately examines ischemic lesion evolution too acutely to determine what impact 

 PWI-DWI profiles have on long-term outcomes. In sum, these data suggest that, though MR imaging of 

 PWI and DWI conferred estimates of initial ischemic injuries per-NHP subject, there were novel findings 

 relating to variability in the DWI -PWI profiles in NHPs. Future research should clarify what impact various 

 MR profiles confer to ischemic pathology and overall outcome. 

 The perfusion-weighted imaging/diffusion-weighted imaging (PWI/DWI) mismatch model has been 

 proposed as a method to identify acute stroke patients who may benefit from reperfusion therapy, or who 

 enjoy better outcomes. However, an optimal definition of PWI-DWI mismatch is uncertain at present, and 

 the capacity for PWI/DWI relationships to predict final infarct growth and clinical deterioration remains 

 controversial. Indeed, some studies only investigate patients who exhibit a positive PWI/DWI mismatch and 

 thus may remove an important sup-population of stroke patients (e.g., see Kakuda et al., 2008). Infarct 

 growth beyond the PWI/DWI mismatch region may also occur, as can infarct growth in patients with no 

 initial mismatch and presumed completed infarcts (Rivers et al., 2006). Therefore, PWI/DWI imaging may 

 not be an ideal method as infarct growth i  s possible  in patients with matched PWI/DWI if only measured at 

 one time. 

 Lastly,  the third novel finding was that, so far as  the authors are aware following extensive literature 

 search, this is the first investigation to replicate variance of the MCA perfusion territory seen in humans in a 

 separate primate species. In doing so, this supports findings from anatomical study of human cadavers 

 regarding the perfusion territory of the MCA. Though construct validity  was not observed by results of the 

 meta analysis of NHP models in Chapter 5, results of this chapter do provide support regarding construct 

 validity of the NHP model. 
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 6.4.2   Estimated Sample size and Statistical Power 

 As discussed in the previous chapter examining Rat MCAO models, results highlight the need to 

 objectively evaluate what would be required to meet statistical power in a hyperacute MCAO model in 

 non-human primates. Specifically, the findings of t  his investigation underscore the critical importance  of 

 establishing a minimum sample size for preclinical trials; small samples may fail to include sufficient power 

 to account for normal population variability (e.g., Tversky & Kahneman 1971). For instance, not all NHPs 

 in this large sample had a positive PWI-DWI mismatch, and may indicate pathological differences in 

 subjects with a negative PWI-DWI relationship. This population variability could lead to Type 1 error if 

 erroneously attributed to the effects of novel neuroprotective compounds. Ensuring that studies have 

 samples large enough to account for this type of variability is therefore vital when evaluating new 

 treatments. 

 The following suggests a prospective power calculation for future research in NHP MCAO 

 preclinical experiments based on data from the present study, calculated using GPower3 (Faul et al., 2007). 

 For ease of calculation, we assume that population average and deviation is 18 ± 7% of total brain volume 

 being infarcted in a sample. As it is considered bad-practice to use the same data to estimate effect size, 

 STAIR criteria recommend at least a 30% reduction of infarct size, thus a beneficial treatment effect would 

 result in 13 ± 7% infarct volume. Then, to establish 80% power for differences between two independent 

 group means (13 ± 7% vs 18 ± 7%), using a Two Tailed T-Test of two independent means and an allocation 

 ratio 1:1, a minimum of 32 animals would be required per group. However, to account for variation of initial 

 perfusion volume and possibility of DWI greater than or equal to PWI, the sample is recommended to be 

 increased by 35%, resulting in a required minimum sample size of 86 animals. Though such sample sizes 

 were common in NHP MCAO studies of the 1980’s, current studies fail to meet this number. 
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 6.4.3    Summary of limitations 

 There are significant challenges in carrying out NHP MRI studies. These include; the costs and resources 

 required, confounds intrinsic to animal models and vascular variability, constraints of MR equipment 

 regarding spatial resolution and signal-to-noise ratio (SNR), magnetic susceptibility artifacts, difficulties 

 regarding assumptions for MR parameters, and lack of standardization for how MR data should be 

 processed. These have been described elsewhere (Duong, 2010; Wey & Duong, 2012) and reviewed below. 

 NHP stroke imaging studies are sparse because of prohibitive cost of resources; high demand but low 

 supply. This includes NHPs, trained staff , and expensive imaging facilities located in very close proximity. 

 Indeed, it is estimated that to obtain 24 animals with matched PWI>DWI deficits, at least 86 animals would 

 need to undergo the procedure to account for spontaneous reperfusion and infarct variability. Estimated 

 material costs for such an experiment ranges between 500,000 to 800,000$CAD in materials, 200,000 to 

 400,000$CAD for labour, and $5,500,000CAD of required infrastructure, equipment, and other overhead 

 costs. Thus, replication of the present work is unlikely due to resources required. 

 Intrinsic issues of experiments in animal models also exist. For example, magnetic susceptibility and 

 signal drop off around the frontal lobe and ear canal are generally worse in NHP neuroimaging than in 

 humans, due to reduced volume-to-surface ratios and lower shimming on human MRI scanners. A technical 

 challenge in ASL and ADC MRI is secondary data processing because of the inherently low 

 signal-to-noise-ratio (SNR; see section 5.x). Phase maps are commonly made using anatomical sequences, 

 and the smaller, more bony processes of NHPs cause additional MR signal distortion in functional imaging 

 (e.g.,PWI, DWI). Though sequences could be performed in opposite phase encoding directions to reduce 

 distortion and signal drop off, it is at expense of greatly longer scanning time (Liu & Ogawa, 2006 ). To 

 reduce the time required for scans, all scans were imaged in a single direction (A->P), thus preventing 

 directional distortion correction (e.g., FSL TOPUP). 

 334 327



 Anaesthesia alters CBF, and thus may influence ischemic pathophysiology and infarction evolution. Too, 

 method for occluding the MCA likely alters findings, where alternative methods of occlusion location, or 

 endovascular occlusion cause concerns regarding reproducibility, mortality, and model validation (de 

 crespigny et al., 2005; Wey et al., 2011). For all MCAO methods, a caveat for metallic instruments is 

 introduction of artefacts on MR imaging, which distort or obscure target signals. For example, perfusion and 

 diffusion deficits in subjects via a metal clip  versus  without trended towards significance differences. 

 Constraints a  lso exist in the capability of MR equipment.  MRI scanners specifically designed for imaging 

 primates are rare (Logothetis et al., 1999, Gamlin et al., 2006). Thus, hardware constraints on spatial 

 resolution and signal-to-noise ratios in animal subjects (SNR) often hinder analysis. To achieve optimal 

 SNR, radiofrequency coils should be used to amplify the magnetic field, and should be the smallest possible 

 to cover the organ of interest. In the present data, a Human MR scanner and head coil were used (e.g., 

 Zhang et al., 207). Though this may confer benefits regarding human translation, use of this system may not 

 be optimal for obtaining  strong signals. Specifically,  compared to human brain volumes, smaller NHP brains 

 in this system have lower SNR. Too, the smaller organ size necessitates acquisition of images with higher 

 spatial resolution (i.e., strong magnetic fie  ld gradients,  increased matrix sizes, reduced FOV, and decreased 

 slice thickness; (Stephan et al., 1981). This difficulty regarding SNR is particularly seen in DWI and PWI 

 data in NHPs, similar to human children (e.g., Wang et al., 2003). 

 Employed MR hardware across research groups frequently changes in scanning algorithms and 

 parameters. Thus, a concern to the presented data is an unestablished influence of MRI scanner upgrades 

 across projects. When upgrades occur, the compatibility of pre- and post-upgrade measures may confound 

 biological covariates of interest (e.g., Hammami et al., 2004). Though research groups are attempting to 

 develop normalisation algorithms to combat these effects (e.g., Fortin et al., 2017; Muschelli, 2019); such 

 techniques can not make various MR images completely in agreement, and are not yet commonly employed. 

 An additional issue is that Neuroimaging experiments result in complicated data that can be arranged in 

 many different ways, with no agreement for processing MR data among research groups. Though there are 

 generally common processing techniques, so far there is no consensus on how to organize, share, or analyze 
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 data obtained in neuroimaging experiments. This is true in studies using both humans and monkeys. Even 

 two researchers working in the same lab can opt to arrange and process their data in a different way. Indeed, 

 preliminary interrater reliability results suggest 40% variation can be introduced into the data due to 

 differences in analytical techniques (e.g., 14% infarct vs 9% infarct; García-Lorenzo et al., 2013). Lack of a 

 standard processing pipeline for MR data likely leads to reductions in reproducibility.Thus, a common 

 limitation in MRI research is technical aspects of image processing. 

 In the present data, all subjects were registered and scaled to a common 3D space, thus making total brain 

 volumes artificially similar. Though spatial normalization prevents confounds of animal size, it may mask 

 possible relationships between an animal’s brain volume, age or weight. Too, spatial normalization is 

 imperfect. In the present data, whole brain volumes ranged from 71890 mL to 88900mL (x̄ = 78420mL ± 

 3563mL). Spatial normalization can not compensate for brain malformations, of which 4 subjects were 

 found to have benign brain abnormalities (ventriculomegaly of the inferolateral ventricular horns). 

 Controversy exists in the choice of perfusion sequence used and the thresholding of the sequence. Mean 

 transit time, time to peak, time to maximum and CBF thresholds at different levels have all been suggested 

 as the most representative measure of tissue at risk for the determination of the penumbra. In most clinical 

 situations, bolus contrast Time to Perfusion (TTP) signal is used; however, the presently used ASL-rCBF 

 technique for estimating PWI is common in experimental stroke imaging in various animal stroke models 

 because of signal to noise issues, and was based on original descriptions of the penumbra established from 

 NHP experiments (Astrup, et al., 1981). Signal degradation of ASL data is known to be influenced by 

 multiple factors, including; longitudinal relaxation rate (T1) of blood, tissue water, and blood hematocrit; 

 labelling efficiency; chosen post-labeling delay; volume of labelled blood; heart rate; and blood pressure 

 (see section 1.8). Minor alterations of these variables, due to innate variability among animals, likely results 

 in errors and lowered SNR. Absolute CBF values were not feasible in the present study, as blood T1, tissue 

 T1, and micro-vascular arterial transit time were unknown (Heijtel et al., 2014). 

 Reports suggest that this can result in up to 10-20% CBF error (Vaclavu et al., 2016; De Vis et al., 2014; 

 Mutsaerts et al., 2020). Thus, ischemic thresholds for rCBF were < 30ml/100g/min based on apparent units 
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 (a.u.), this likely ranged 10 - 60ml/100g/min per-subject. PWI via ASL is reported to overestimate size of 

 the perfusion lesion compared with PWI via TTP used in human populations. Thus, the quality of SNR of 

 PWI and DWI data present a challenge. For example, there qualitatively appeared to be large differences in 

 ASL signal quality, with results of the Shapiro-Wilk normality test indicating DWI values were normally 

 distributed (W = 0.98, p-value = 0.1), however, PWI volumes were not (W = 0.96, p-value < 0.0002). 

 Spatial resolution and/or signal-to-noise ratio of ASL data can be augmented through averaging across many 

 pairs of Label - Control images. However, due to time constraints only 30 L/C pairs were acquired. In cases 

 where assumed parameters were inaccurate, the number of averages makes little improvement to signal 

 quality. Indeed, the spatial resolution of ASL CBF is 64 mm3 may be inadequate for NHP MRI (4x4x4mm; 

 see Duong, 2010). An issue with both DWI and PWI imaging is so-called ‘partial volume effects’. Since the 

 spatial resolution of is relatively low, a typical voxel contains a mixture of GM, WM, and CSF signal, 

 referred to as the partial volume effect. As the GM-WM to CBF ratio is reported to lie between 2 and 7 

 (Asllani et al., 2008; Pohmann 2010; Zhang et al., 2014; Law et al., 2000; Mutsaerts et al., 2020), the tissue 

 partial volume in each voxel has a large influence on the ASL measurement. In sum, lower SNR of animal 

 models likely results in greater difficulty developing accurate estimates of infarction. 

 A final issue with the present results is that the underlying cause of observed variability in PWI and DWI 

 is unestablished. Infarct growth is dependent on additional physiological variables including blood pressure, 

 oxygenation, serum glucose, body temperature, presence/density of collateral vessels, and reperfusion time; 

 which at present can not be incorporated in MR analysis (Campbell & Macrae, 2015). Experimental design 

 likely influences estimates of infarction, with timing of the PWI/DWI scan suggested to influence mismatch. 

 For example, Ogata et al., (2011) observed poor correlation between PWI/DWI mismatch and final stroke 

 volume when the scan occurred in the hyperacute phase (<6 hours), with and better correlations between 

 mismatch and final stroke volume when scans were obtained in the subacute stage (6-48 hours; Ogata et al., 

 2011; Cook, 2016). Thus, u  nderlying cause for inverse  PWI-DWI mismatch is uncertain, with current 

 hypotheses in the clinical literature suggesting this finding may be due to spontaneous reperfusion, 

 compensatory cerebral autoregulation, caveats associated with hyper-acute neuroimaging, or imaging errors. 
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 6.4.4 Regarding the chapter hypotheses: 

 Regarding assumptions of the analysis: 

 a.A.  YES, NHP brain imaging post MCAO was within 60 min of occlusion start 
 a.B.  YES, Animal subject demographics did  not  differ  by study batch 
 a.C.  NO, Animal subject demographics did differ by allocation  of MCAO surgical technique 
 a.D.  YES, Animal subject demographics did  not  differ  by allocation to treatment vs controls groups 
 a.E.  YES, normalized as percent total brain infarction,  animal size has  no  relationship to infarct volume 
 a.F.  YES, Brain infarction volumes estimated by DWI have  a normal distribution 
 a.G.  NO, Brain infarction volumes estimated by PWI have  a normal distribution 
 a.H.  NO, Brain infarction volumes of subjects would not  differ by study batch and have equal variance 
 a.I.  YES, Brain infarction DWI volumes of subjects would  not differ by MCAO technique, 

 BUT  PWI infarction estimates differed in  pMCAO vs tMCAO models  21  % ± 6%,  vs.  17.4  % ±  4.5  % . 

 a.J.  YES, Brain infarction volumes by in repeated MRI  NHPs do not differ from single MRI NHPs 
 a.K.  YES, Log model fit would have a residuals less than  10%, and positive growth in all NHPs 

 BUT this was only when assuming for t  0  having no brain injury 
 a.L.  YES, Brain infarction volumes by DWI have a normal  distribution 

 BUT estimation of brain infarction by PWI was not normally distributed 

 Regarding the hypothesis of the chapter: 

 1.A  NO, all PWI lesion volumes were not larger than DWI  volumes (PWI > DWI) 

 1.B  NO, PWI lesion volumes versus DWI have a positive relationship of R  2  = 0.46 

 1.C  YES, average  volumes of perfusion deficit (PWI) at  first scan was near 23 ± 8%  , being   18.9 ± 7.5% 

 BUT, there appeared to be differences in PWI estimates across study batches. 

 1.D  YES, average  volumes of estimated injury (DWI) over  time was near  23 ± 8%  , being   20.4 ± 6.5% 

 1.E  NO, The average coefficient of variance of percent infarction was not less than 35%, but was 36% 

 1.F  YES,  variability of   PWI  and   DWI volumes in this  NHP MCAO model was less than human cohorts 

 OVERALL, it is unlikely that sufficient statistical power at a ß of 0.2 (80% power) can be achieved with less 
 than 40 subjects 
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 7. Characterizing a Chronic NHP Model of Focal Ischemic Stroke 

 "I confess freely to you, 

 I could never look long upon a monkey, without very mortifying reflections." 

 -  William Congreve, 1695 

 CHAPTER ABSTRACT; 

 Chapter six details experimental investigations utilizing a chronic NHP model of stroke. The longitudinal 

 progression of behavioral and histological seleque are described, as is the relationship between functional 

 and structural abnormalities secondary to stroke. Lastly, predictive value of measures throughout stroke 

 progression are reviewed, and compared to the clinical and experimental literature. Overall, the chapter 

 seeks to characterize the statistics and variance for the primate model of stroke. 

 Some of these data relate to the following publications;  Wang  et al., 2015,  Cook et al., 2016, 

 Hernandez-Castillo  et al., 2017,  Ramirez-Garcia  et  al., 2019, and  Meloni  et al., 2020. 
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 7.0 Chapter Summary 

 The following chapter describes a subset of macaque monkeys which underwent 90 min transient MCAO, 

 followed by MRI and fMRI imaging at Queen’s University. As discussed previously, animals underwent 

 hyperacute MR estimation of focal ischemic infarction; however, the following elaborated on the previous 

 experiments by presenting results of animals allowed to recover for one-month with serial behavioral and 

 neuroimaging followup. Volumes of hyperacute infarction were obtained by PWI and DWI imaging through 

 a custom MRI script written by KAH. In addition to hyperacute neuroimaging (N=87), follow-up MR scans 

 occurred at 24-48 hours post-stroke (N=86), 14 days (N = 20), and 30 days (N=82). Too, the majority of 

 these animals had neurobehavioural scoring (N=79), providing estimates for the relationship between 

 structural abnormalities on MRI, with behavioral deficits through NHPSS scores showing a strong 

 correlation with histological injury. 

 These data are intended to best mimic clinical assessment of human stroke patients, in which efficacy 

 towards long term behavioral function is the primary outcome criteria. Thus, the final experimental chapter 

 of thi  s thesis describes results of an old world primate  model of stroke throughout several post-stroke 

 timepoints.  In sum, the present data suggest that  the extent of brain damage as evaluated by MRI is a major 

 determinant of neurological performance in high-order gyrencephalic species. Past failures to obtain such 

 relationships in human studies may reflect drawbacks of study design, execution, or a variability of strokes 

 included in analyses, rather than a lack of relationship  between brain integrity and function. 

 However, the ability of  hyperacute MRI to have predictive  accuracy towards later histological outcomes 

 was at best ~ 27% and a predictive value towards functional outcomes at 1 month post-injury of  ~ 23%. 
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 7.1 Background 

 7.1.1  Research Problem 

 Similar to the issue of hyper-acute NHP models of stroke, few investigations detail the acute-to-chronic 

 recovery of animals, and how this relates to behavioral outcomes. As discussed in Chapter 5, few studies 

 investigated the longitudinal progression of post-MCAO seleque in NHPs. Indeed, only 15 peer-reviewed 

 publications exist which examine the progression of stroke in monkeys over the course of hours to days. 

 In summary,  the majority of preclinical investigations  in NHPs are limited by extremely small sample 

 sizes and great variability of stroke lesion volume (SD being 50% of the mean).  Good experimental design 

 is required in order to ensure that any identified treatment effects are due to the effects of the experimental 

 treatment and not simply to random or unique within subject factors. However, we have poor information 

 relating to the internal validity of animal models, which prevents accurate estimates of safety and efficacy. 

 This is a common issue in any analytical science, described by Kahneman (2011) as the ‘Law of Small 

 Numbers’. In the study of any disease process, collecting and summarizing data on the internal variability of 

 animal models provides characterization of the normal distribution patterns of experimental pathology, and 

 allows for informed estimates of statistical power relating to treatment causality. The only exception to this 

 is work from the lab of Dr. Cook, highlighted in Chapter 5. 

 However, there currently exists no data regarding normal ranges for volumes of infarction following NHP 

 MCAO. Of existing literature, reported measures from this method often present data in a manner that is not 

 informative in relation to the initial injury (i.e., ‘total’ infarct volume, rather than ‘proportional’ infarct 

 volume).  As evident from human and rodent investigations,  final functional outcomes vary greatly, even 

 when accounting for confounding variables.  Variability  of the NHP stroke models is less than clinical stroke 

 populations (CoV 38% vs 148%), but still suggest statistical underpowering for experimental investigations. 
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 7.1.2  Objective 

 The goal of this study was to evaluate lesion progression, behavioral recovery, variable relationships, and 

 reproducibility in the Cynomolgus Macaques model of stroke. Using animals that were recovered 

 post-operatively, these animals underwent neurological and MR assessment to determine histological and 

 functional outcomes to one month post-ischemic injury. Thus, the following chapter details data on the NHP 

 model of stroke, as related to acute and chronic outcome measures. 

 In sum, these data suggest variability throughout ischemic pathogenesis, which require characterization. 

 As best as the author can identify, this study is the first to propose a simplified model of stroke as commonly 

 stated in therapeutic trials, and is the first investigation that characterizes the distribution of variables in the 

 acute-to-chronic NHP stroke model, and provides a comparative baseline for future research in preclinical 

 experimental models of stroke. Some of these data are discussed in our 2019 publication in  Neuroscience  

 “ Stroke Longitudinal Volumetric Measures Correlate with the Behavioral Score in Non-Human Primates ” 

 ( Ramirez-Garcia et al., 2019) 
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 7.1.3  Hypothesis 

 The goal of this chapter was to assess if a NHP model of stroke by MCAO, and recovery to 30 days post 

 ischemic reperfusion injury is a good proxy for human stroke, and  to evaluate the benefits and potential 

 limitations of the NHP model. As shown in Chapter 6, hyperacute gross pathology of the NHP model as 

 evaluated by MRI shows similarity to human stroke populations. However, an unanswered question in the 

 literature is how hyper-acute assessments correlate with later brain and behaviour outcomes.  Though the 

 initial goal of each study presented in this chapter was to assess efficacy of a novel drug in a NHP stroke 

 model these data can also be used to examine the following assumptions and hypotheses. 

 The assumptions prior-to analysis were: 
 aA.  Brain infarction volumes at 30 days would  not  differ  by study batch, 
 aB.  Behavioural deficits at 30 days would  not  differ  by study batch, 
 aC.  Brain infarction volumes by T2 imaging at 48 hours have a normal distribution 
 aD.  Brain infarction volumes by T2 imaging at 30 days have a normal distribution 
 aE.  Behavioural deficits at 48 hrs have a normal distribution 
 aF.  Behavioural deficits at 30 days have a normal distribution 

 aG.  Hyperacute (1-2 days) behavioral deficits predict late (30 days) behavioral deficits (R  2    > 49%), 
 aH.  Acute (1-5 days) behavioral deficits are significantly worse than late (30 days) deficits (p < 0.001), 
 aI.  Early (2-3 days) behavioral deficits predict late (30 days) behavioral deficits (R  2    > 49%), 

 aJ.  Hyperacute PWI-DWI volumes predict early (2 days) infarct volumes (R  2    > 49%), 
 aK.  Early (2 days) infarct volumes predict late (30 days) infarct volumes (R  2    > 49%), 
 aL.  Hyperacute PWI-DWI volumes predict late (30 days) infarct volumes (R  2    > 49%), 

 aM.  Hyperacute PWI-DWI infarct volumes predict Acute (1-5 days) behavioral deficits (R  2    > 49%), 
 aN.  Hyperacute PWI-DWI infarct volumes predict late (30 days) behavioral deficits (R  2    > 49%), 
 aO.  Early (2 days) infarct volumes predict Acute (1-5 days) behavioral deficits (R  2    > 49%), 
 aP.  Early (2 days) infarct volumes predict late (30 days) behavioral deficits (R  2    > 49%), 
 aQ.  Acute (1-5 days) behavioral deficits predict late (30 days) infarct volumes (R  2    > 49%), 

 For the hypothesis of the chapter: 
 1A.  Brain infarction volumes of control subjects would  not differ by study batch, 

 1B.  Behavioural deficits of control subjects would not differ by study batch, 

 1C.  Treated animals would have at least a 30% infarct reduction, 

 1D.  Treated animals would have at least a 30% behavioural reduction, 

 1E.  Coefficients of variation in primate models are smaller than clinical cohorts (148%) 
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 7.2  Study Design and Methods 

 7.2.1  Choice of Experimental Design 

 The choice of MRI DWI stroke volume as a primary outcome measure may not be applicable to clinical 

 trials because surrogate markers of stroke outcome such as Computerized Tomography or MRI volumetric 

 measurement of infarct vo  lumes has demonstrated no  or modest correlations between infarct volume and 

 clinical outcomes using conventional outcome scales (Hand et al., 2006; Johnston et al., 2007; Saver et al., 

 1999). Thus, the intuitive concept that infarct size reduction may be beneficial is unproven. MR imaging 

 and PWI/DWI mismatch has been used in human clinical studies (e.g., Campbell & Macrae, 2015) and 

 NHPs (e.g., Gauberti et al., 2012; Sasaki et al., 2011); with additional descriptions of MR definition of 

 hyperacute infarction described in Chapter 5. However, hyperacute measures like MRI and CT imaging of 

 histological tissue necrosis are important surrogate outcome measures, but have yet to be validated as 

 comprising reasonable predictors of clinical outcomes of interest in human stroke trials. Though Chapter 5 

 discussed variables of hyperacute imaging following MCAO, how these measures relate to later outcomes 

 remains unaddressed. 

 Thus, the main consideration of this study was to create a long-term recovery model that matches 

 anticipated clinical trial conditions as closely as possible. To address the notion that MRI infarct volume 

 measurements reasonably predict neurological performance in gyrencephalic high order primates, the 

 volumes of strokes determined by the 24-48h and 30d T2 and DWI weighted MRI, and later correlated with 

 NHPSS. 
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 7.2.2 Experimental Treatment Administration and Allocation 

 The research was performed with the primary intent of fulfilling private research contracts to evaluate 

 novel water-soluble compounds (Studies 1-5). In each case, all animals were randomly allocated by an 

 individual external to the study, and study experimenters blind to experimental treatment allocation during 

 imaging acquisition. Study endpoints were the same for the control group as in the treatment group. 

 However, as the following analysis uses archival data, treatment allocation was known prior to analysis of 

 the data. 

 Animals were part of 6 different experimental protocols or ‘batches’, with the vast majority of animals 

 receiving treatment at 45 min post-MCAO or later (N = 5 animals receiving drug 5 minutes post-MCAO). 

 Thus, the majority of animals were treatment naive during first imaging, facilitating pooled analysis. The 

 experimenters were blind to treatment during studies, with subjects randomly allocated to experimental / 

 placebo groups. TTT in NHPs post-MCAO was 60min (Study A), 90min (Study U, D), or 14 days (Study 

 N) post MCAO. 
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 7.2.3  Environmental Conditions 

 See previous chapter (section 5.x) 

 7.2.4  Animals and Population demographics: 

 See previous chapter (section 5.x) 

 7.2.5 Preoperative protocols 

 See previous chapter (section 5.x) 

 7.2.6  Surgical Procedure: 

 All surgical and experimental procedures were carried out in accordance with the Canadian Council of 

 Animal Care policy on the use of laboratory animals and approved by the Animal Use Subcommittee of 

 Queen’s University Council on Animal Care. Additional details regarding the procedure are discussed in 

 Chapter 5. 

 In sum, animals underwent a 90min Transient MCA occlusion (tMCAO), initiated by a 5mm titanium 

 aneurysm clip, with a single instance of MRI neuroimaging for the perfusion deficit at the time of ischemia. 

 Animals were fully recovered following this operation (section 7.2.7), with additional behavioral (section 

 7.2.9) and neuroimaging (section 7.2.8) measures following MCAO  . 
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 7.2.7 Post-operative care 

 Post operative care of Macaques following MCAO is similar to the clinical scenario of post-stroke patients 

 receiving decompressive hemicraniectomy; with concerns regarding homeostasis, pain management, 

 hematological testing , transtentorial herniation, epileptic seizures, and nutrition , and hygiene all pertinent. 

 In the case of severe neurological deficits resulting from the surgery, animals received supportive care to 

 provide the best chance of recovery. 

 All NHP's were administered Excede 200 (antibiotic) and Cerenia (antiemetic) prior to recovery. 

 Following surgery and anesthesia, animals were transported to their home cage. allowed to recover in their 

 home cage with warming lights, as temperature regulation is disrupted following anesthesia and 

 neurotrauma. Care was taken to prevent injury from falls off of play-structures following recovery from the 

 MCAO procedure. Post surgery, members of the research team monitored animals every two to four hours, 

 including a minimum twice-daily regimen of feeding, cleaning, and analgesic medications for 4-10 days 

 post-op (Tylenol, Meloxicam, Tramadol). For severely neurologically compromised subjects, animals could 

 be held and treated without safety concerns, and thus did not require anesthesia. For subjects which were not 

 overtly experiencing functional deficits, manual restrain and low dose of Ketamine (2-4mg/kg IM) was 

 required. 

 As animals were part of pharmacological trial designs, animals often had daily blood sampling. Blood 

 sampling was via the femoral vein by proper phlebotomy protocols, with 1.0-2.0ml of whole blood collected 

 per sample. Total blood sampling over the study period not exceeding 15% of circulating blood volume 

 (CBV) over the month period (e.g., Schultz-Darken, 2003 ). Animals received fluid replacement following 

 hematological tests. 
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 A common issue post-hemispheric stroke is secondary neurological complications due-to high intracranial 

 pressure resulting from infection and/or post-infarction swelling of the brain. Indications of pathological 

 edema included decorticate and/or decebrate posturing, nystagmus, emesis, anorexia, anisocoria, 

 incontinence, altered heart and/or respiration rates. Infection controls included sterility protocols and 

 antibiotics, as discussed. For post-infarction edema in severely compromised animals, the veterinarian 

 dictated treatment with Dexamethasone (1-4Mg/kg I.M) and Mannitol (1.65-2.2g/kg IV) per subject to 

 prevent or reduce transtentorial herniation. A second complication of the secondary injury post-stroke is 

 epileptic seizures. Subjects showing signs of seizure were treated by Valium as prescribed. 

 An additional concern post-MCAO is difficulty maintaining nutrition and hygiene. Similar to human 

 patients, NHPs with focal cerebral infarction may have severe impairment in activities of daily living, thus 

 requiring aid with food and water intake in the days following cerebral infarction. Staff monitored animal 

 feeding and drinking twice daily, with loss of feeding, drinking, appetite, and weight indications for 

 intervention. Animals which were unable to masticate due to motor and/or sensory deficits, they were 

 provided softened animal feed, and a nutritional supplement (Ensure  ™  ; Bayer). If animals were still unable 

 to maintain self-care and feeding, staff administered supportive measures of feeding through a nasogastric 

 tube (oral gavage), maintenance fluids subcutaneously, and oxygen therapy by mask. 

 Regarding hygiene and general animal care, animals which were observed to have ruffled fur, failure to 

 groom, or incontinence were cleaned by staff until the animal became self caring. Any evidence of pain, 

 discomfort and distress will be acted upon by administering as needed doses of analgesia, or additional 

 treatment as was required. 
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 7.2.8 MRI Protocols 

 Magnetic resonance scanning was performed at the Queen’s University Center for Neuroscience Studies 

 using a 3T Siemens Trio scanner with a 32-channel head coil. Additional details regarding the procedure are 

 discussed in Chapter 5. In this subset of animals, time to first MR image was within 45 min of MCAO 

 induction (18.2 ± 7.4min; range 10 min to 45min). 

 Following the MCAO procedure and hyperacute neuroimaging (N=87), follow-up MR scans occurred at 

 24-48 hours post-stroke (N=87), 14 days (N = 20), and 30 days (N=82; See Appendix). 

 MR scan series at each timepoint included; (1) Localizer; (2) T2: Anatomical scan (3) T1: Anatomical 

 scan; (5) T1 contrast Anatomical scan; (6) DWI: (7) PWI ; (8) BOLD ; (9) MRA. T2 image acquisition, the 

 primary method of inferring lesion volume post-MCAO in this chapter, had imaging parameters as stated in 

 Chapter 5. T1 imaging was used as part of the lesion delineation pipeline (discussed in section 7.2.11). 

 Of note, additionally acquired scan series, such as BOLD and MRA, are not discussed in this thesis. 
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 7.2.9  Behavioral Data Procedures 

 The majority of animals in the present study had neurobehavioural scoring (N=79 of 87), providing 

 estimates for the relationship between structural abnormalities on MRI. Animals were trained and 

 acclimated on behavioral tasks for a minimum of 5 days prior to MCAO. Neurological function was 

 assessed prior to, and following, MCAO using the NHPSS either daily (N = 18) or at set time points for 30 

 days (N = 58; see Figure 67). Additional neurobehavioural scores were obtained, but were used as a means 

 of delineating NHPSS scores (e.g., 6 well reaching task, 2 tube reaching task. The neurobehavioural battery 

 of tasks used in the MCAO experiment was based on the tasks used in other non-human primate stroke 

 studies and modified for the size, motor speed and cognitive capacity of the cynomolgus macaques 

 (Marshall & Ridley, 2003; Roitberg et al., 2003). In general the tasks utilized in behavioral evaluations were 

 undertaken using rigorous definitions by the observers, and baseline training and scoring was undertaken for 

 each animal to ensure the animals had mastered each task. 

 The NHPSS is a composite score based on the NIH Stroke Scale in humans (Roitberg et al., 2003; Cook et 

 al., 2012a; Cook et al., 2017). NHPSS measures unilateral level of consciousness; defense reaction; gait; 

 circling; bradykinesia; balance; and bilaterally grasp reflex; extremity movement (upper limbs and lower 

 limbs); neglect; hemianopsia; and facial weakness. Therefore, NHPSS is composed of 11 domains (19 

 sub-scores from 5 unilateral and 7 bilateral domains) and it yields a total score of 41 points, where 0 

 corresponds to normal behavior, and 41 to severe bilateral neurological impairment. However, the motor 

 components of the NHPSS account for 31 of 41 (76%) points on the scale whereas the NIHSS motor 

 components comprise 17 of 42 (40%) points. There are no higher cognitive components to the NHPSS. 

 Therefore, the NHPSS is biased towards motor deficits and assigns a disproportionately low score to 

 sensory deficits. 
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 FIGURE 67.  Illustrations and scoring systems for NHP post-MCAO behaviour 

 Scoring of deficits via the NHPSS, and aided by the two-tube and 6-well tasks. A) The NHPSS is a 41 

 point general assessment of post-stroke function, and was performed in the animals home cage (4ft x 4ft 

 x4ft; based on Roitberg et al., 2003). B) example of post-MCAO behavioural deficits, which included 

 degradation of locomotor behaviors; such as foot faults, circling gait, and limb paralysis.  Lower panels  ,  the 

 two tube task was used to structure NHPSS scoring (based on Ridley and Marshall, 2013). C)  example 

 scoring sheet for tube-reaching scores. D)  illustration of the tube reaching task. 

 Figure by Harrison, 2019 
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 The NHPSS was performed by observing the animal in the homecage, every day once a day, with the 

 exception of the MCAO procedure day. The examination required approximately 15 minutes. Previous 

 experiments in cynomolgus macaques with 90 min MCAO showed an initial peak in NHPSS scores 

 between 36h- 96hrs, similar to human patients. Scores then gradually declined and plateaued between 14 to 

 30 days, suggesting that the behavioral impairment had become stable at one-month post stroke (Cook et al., 

 2012a). 

 As a supplement to the NHPSS, animals were evaluated through the ‘Two Tube’ task, and ‘6 well’ task. 

 For example, performance on the ‘Two Tube tasks’ provide measures of sensory neglect and attention in 

 each visual hemi space. Similarly, the Six Well Task allows inference of procedural motor planning, 

 coordination, and general evidence of motor function and basic cognition. 

 Of note, both the two tube and 6 well tasks required animals to have significant levels of motivation and 

 attention for the animal to complete the task. Thus, animals that had dense deficits and depressed affect were 

 unlikely to engage in this task, leading to a bias towards animals in overall better condition to complete the 

 task. This fact led to significant differences in outcome between groups based on overall physical condition, 

 affect, attention and motivation but may not have measured the exact components of the neurologic exam 

 that it was intended to measure. However, such performance likely also reflects in the level of consciousness 

 per-subject. 
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 7.2.10  Humane Intervention, Mortality, and Eauthanasia 

 Due to the severe nature of MCAO deficits, animal mortality is commonly observed. In clinical 

 populations of malignant MCA occlusion, mortality with intervention is estimated at ~20-25%. 

 Thus, animal mortality was expected post-MCAO, and protocols to perform early termination as a human 

 intervention required. 

 In all cases, the Veterinarian was contacted and involved in decisions regarding post-MCAO eauthanasia. 

 Rationale for early eauthanaia included irreversible seizures (status) and/or evidence of nonreversible 

 brainstem dysfunction (e.g., fixed dilated pupils, lack of respiration) for greater than 6 hours. For animals in 

 which survival was possible, treatment was administered as described in section 7.2.7. If no further 

 treatment options are available, animals were deeply anesthetized and underwent protocols for 

 termination/perfusion (N = 5). 

 Too, animals that continued to lose weight (>20% pre-surgery baseline) were assessed by the facility 

 veterinarian for a decision regarding euthanasia. Should an animal not return to feeding and basic care by 7 

 days postoperatively then the animal was sacrificed (N = 1). Of all animals undergoing MCAO, either due 

 to meeting experimental endpoints at 30-90 days post-MCAO or early mortality, euthanasia was the final 

 procedure. Times of mortality, extraction of tissue, and time to tissue preservation were all recorded. 

 To initiate euthanasia, anesthesia was induced as outlined in surgical protocols. Animals were anesthetized 

 with isoflurane (5% in 1.5-2L/min oxygen). Animals received IV sodium phenobarbital (>25mg/kg) and an 

 overdose of heparin before incision. A thoracotomy was performed, then intracardiac perfusion of cold 

 saline was administered, and neural tissues removed by full craniectomy. Following perfusion, the brain was 

 removed and sectioned into 2mm coronal slices, with punch biopsies of neural tissues for future research. 

 The remainder of tissue slices were placed in a 10% formalin solution for fixation. Later histology from 

 tissue samples assisted subject identification and MRI confirmation. 
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 7.2.11  MR Data analysis 
 Analysis was similar to Chapter 5, with some exceptions discussed. Data were aggregated from 

 animals which were part of long-term survival MCAO experiments between the years 2013 to 2020. 

 Infarction volumes and behavioral scores were obtained serially over 30 days, and can provide a response 

 curve for the growth of and recovery of tissues. As animals were archived from past pre-clinical trials, the 

 data can be subset based on species, size, year of study, past surgical procedures, and whether the animal 

 was part of a treatment (N = 55) or control group (N=32). A within-subject coregistration was applied to 

 baseline MR images against a NHP Atlas (MNI Macaque), followed by a per-subject brain mask. 

 Differing from Chapter 5, is the algorithm for identifying lesioned tissues. Following 24 hours post 

 MCAO, T2 anatomical images illustrate hyperintensity for infarcted regions. These ROIs were defined by 

 automatic supervised logistic regression of multi-sequence images, known as the SUBLIME and OASIS 

 algorithms (Sweeney et al., 2013a; 2013b). Though developed for automatic segmentation of multiple 

 sclerosis (MS) lesions it is applicable to infarction and neurotrauma in general. OASIS and SUBLIME 

 packages; (a) develop a binary brain tissue mask; (b) normalize and smooth MRI volumes; and (c) performs 

 a two-step model of T2 hyperintense regions. The OASIS algorithm uses within-session image intensities of 

 DWI, T2, and T1 to identify abnormal signatures, while the SUBLIME algorithm uses cross-session image 

 intensities of DWI, T2, and T1 to identify abnormal tissue signatures. An example of outputs of OASIS and 

 SUBLIME classification post-MCAO in NHPs is shown in Figure 68, and a comparison of various MRI 

 images, post-eauthanasia tissues, H&E tissue histology within a subject is provided in Figure 69. 

 In both, a voxel-level probability map of abnormal voxels is smoothed to reduce the false positive rate. 

 This map is thresholded to >90% probability, to make a 3D boolean mask (0,1). Added to this, was a 

 hard-threshold of voxels with >1000 a.u. on T2 imaging; indicative of CSF to account for total tissue 

 atrophy at each timepoint. ROIs were then calculated by summing the total number of voxels in the mask. 

 Percent lesion volume was calculated as a ratio of ROI over whole brain volume (brainmask), shown in 

 Figure 68. Though additional methods for infarct calculation exist, discussion of implications of various 

 calculation methods are presented in Chapter 8. 
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 FIGURE 68.  Processing of NHP MCAO T2w MRI images into Infarction Volume Estimates. 

 Left, Input Data consisting of Registered NIFTI 3D images of Primates tissues, Utilizing Diffusion and 

 Anatomical images before MCAO, 48hrs post-MCAO, and 30 days post MCAO. Lesion volumes at each 

 time point were calculated by an addition of Regions of interest (ROIs) defined by the SUBLIME and 

 OASIS algorithm. In the sublime algorithm, differences in voxel intensities were thresholded between the 

 baseline and a given session. For the OASIS algorithm, abnormal Voxels were Based on a logistic model of 

 voxel Histogram intensity by location. The end ROIs were then subtracted from the brain-tissue mask to 

 allow for estimates of lesion volume, and remaining brain volume. 

 Figure by Harrison, 2022 

 357 349

Si
ng

le
  N

H
P 

ov
er

 ti
m

e

                                  Input                                                                                Output
NHP MCAO Infarction Volume Algorithm 

 



 FIGURE 69.  Examples of NHP MCAO Cerebral Infarction in a subject, via Multiple Methods 

 Animal “F”, id 1603477, from a study in 2017. A) Saline washed tissue section post-eauthanasia. B)  H&E 

 tissue staining from fixed and stained tissue. C) MRI series of T2w image at 48hrs, D) MRI series of T2w 

 image at 30 days, E) DWI-b1000, F) DWI-b0, and DWI-ADC modalities  .Figure by Harrison, 2022 
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 7.2.12  Statistical analysis 

 Microsoft Excel, and R were used to manage human-coded data, such as surgical variables and animal 

 weights. All data will be analyzed by using statistical software ‘R’ (version 3.4 - 4.0). Graphs were created 

 through R-Studio. (CRAN. R version 3.4 - 4.0) with a 2% vertical and horizontal jitter function applied to 

 the graph, to better enable visualization of subjects. Several R packages were used in preparation of this data 

 and manuscript, listed in the appendix. All data were reported as mean ± SD. R graphical plots The 

 statistical correlation analysis was computed using Pearson’s correlation test (p < 0.05) after a Shapiro–Wilk 

 test for normality using the software R 3.3.3 version. All Correlation coefficients (R  2  , r) were calculated 

 using a moving intercept model. Pairwise comparisons by group means for each variable were through 

 Mann-Whitney U test, or by Dunn’s test if data did not follow a normal distribution. All statistical tests will 

 use two-sided tests of significance. Student’s t-test were evaluated as unpaired, and two tailed. If 

 significance was found, Bonferroni’s test was performed for post-hoc analysis to detect the differences 

 among groups when equal variance was assumed, while Dunnett’s C test was performed when equal 

 variance was not assumed. To account for multiple tests throughout the chapter, Bonferroni correction will 

 be applied and the corrected P-value was set to 0.001 (0.05/50 tests). 

 Inclusion / Exclusion Criteria: 

 All imaging was reviewed for data quality. Inclusion criteria in primates includes confirmation by acute 

 fMRI occlusion. This population will include animals with permanent ischemia, and transient ischemia to 

 model thrombectomy and no intervention. Subjects will be excluded if the subject can not be identified in 

 the database, was missing MRI imaging at time of MCAO, or was reported as experiencing mortality within 

 3 hours of neuroimaging. As such, Mortality was not an exclusion criteria. Filtering of individual NHP Data 

 only occurred if the scans of interest were not in the subject directory, or scan quality was not applicable for 

 analysis. Subjects will be evaluated against past internal datasets for post-hoc measure of Inter-rater 

 reliability. 
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 7.3 Results 

 7.3.1 Data exclusion, Mortality, and post-op care 

 There were no animal exclusion criteria apart from early mortality, as the goal of the study was to 

 characterize the variation and distributions of infarction volumes in NHPs following MCAO. Thus, 

 presented data summarizes data on NHP MCAO available. 

 Early animal mortality was observed in 4 instances. Of these, one animal did not survive to the 48hr MRI, 

 while the remainder passed within the first 72 hours of MCAO. In all cases, mortality was attributed to 

 malignant cerebral edema or malignant intraparenchymal hemorrhagic transformation of the infarct. One 

 additional mortality was due to humane intervention, and euthanized 7 days post-MCAO due to 

 recommendations from the university Veterinarian. Thus, of the 87 animals intended to recover to 30 days, 

 82 animals survived one week post  occlusion (~ 6% mortality; discussed further in section 7.3.1, 7.3.7). 

 Approximatly 50% of the NHPs in this study had some form of additional intervention post-MCAO, 

 including treatment with Mannitol, Valium, Dexamethasone, Dilantin, or nutritional supplementation 

 (discussed section 7.2.7,  data not available for analysis  ). 

 An overview of the data is presented in Figure 70, and is discussed in the following sections. 

 Of note, there did appear to be batch-level effects by each study (see Figure 71). 
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 FIGURE 70.  Per-Subject NHPSS scores and Infarction Volume Estimates, by Batch 

 (continues on next page) 
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 FIGURE 71.  NHP post-MCAO histological and behavioral deficits across batches 

 Examination of possible batch effects across trials, for all surviving NHPs. violin-plots of brain infarction 

 (upper) and behavioural deficits (lower) in NHPs per batch. Moderate effects were estimated to exist 

 between studies, and post-hoc significance was found between study A and Study U, A and Study D, and D 

 and Study U.  Post-hoc  tests were no longer significant  when examining only control subjects, discussed in 

 Figure 78.  Figure by Harrison, 2022 
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 7.3.2 Behavioral results 

 Prior to surgery, all the animals displayed behaviors typical of NHPs in research facilities. Following 

 MCAO, behavioral scores of primates were recorded daily in 79 macaques, with 76 macaques surviving for 

 30 days. Behavioral data were summarized for scores obtained daily from 24hrs to 7 days, and then from 

 every 3-7 days to 30 days post-MCAO. Of note, inter-rater agreement within the first 24 hours post-MCAO 

 was poor, with a coefficient of variance greater than 200% between observers. Animals at 8-12 post-surgery 

 often were rated as having a reduced LOC, and impeded assessment. Complicating matters, surgeries had 

 multiple animals undergoing MCAO, leaving staff reduced time to perform behavioral assessments. Thus, 

 due to concerns regarding data quality, results of NHPSS from 8hrs to 12hrs post-MCAO were discarded. 

 NHPSS at 24-120h 

 Regarding acute neurological deficits, NHPSS evaluation showed a progressive increase in neurological 

 severity score from baseline, reaching the maximal scores per subject before the 5th-day post-MCAO (see 

 Figure 72a). Behavioral scores in surviving animals over the first week averaged 15.1± 8.6 (range 0 to 37 

 points). All subjects showed some degree of impairment post-op, though 6 subjects showed maximal 

 NHPSS scores less than two. All mortalities were in subjects with NHPSS scores greater than 24 points (i.e., 

 6 of 18 NHPs with NHPSS >= 24 did not survive the procedure). Surviving animals had the maximum 

 impairment between 2-5 days post-MCAO. However, it was found that there were differences between 

 NHPSS scores between study populations even when only control animals were examined (see Figure 72b). 

 Within-subject variability of NHPSS scores in the first 7 days ranged greatly. Some subjects had consistent 

 deficits, others showed early recovery, and others showed growth of the infarct. Average within-subject 

 delta during the first week was 7±7.5 points (range; -25 to +21 points). 
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 FIGURE 72.  NHP behavioral deficits post-MCAO from 24h to post-MCAO across batches 

 NHPSS scores post-MCAO, and examination of possible batch effects across trials, for all surviving 

 NHPs. violin-plots of brain infarction (upper) and behavioural deficits (lower) in NHPs, coloured average 

 trendline per batch. Significant differences were observed in average NHPSS scores, with 2-5 days being 

 significantly worse than 30 day scores in all batches. Figure by Harrison, 2022 
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 NHPSS 120h to 30d 

 Following 5 days post-MCAO, recovery of behavioral impairment was seen in all surviving cases and 

 showed a progressive decrease until it became stable at the 30th-day post-MCAO (see Figure 72). 

 Specifically, Behavioral scores in surviving animals at 14 days averaged 9.1± 6.8 (range 0 to 29 points), 

 while behavioral scores at 30 days averaged 6.5± 5.9 (range 0 to 29 points). Within-subject recovery from 

 5-30 days ranged 0 to -20 points (7.1±5.2 pts), though from 14 to 30 days, recovery ranged from 0 to 11 

 points (2.6 ± 2.5 pts). Of note, minimal recovery was seen almost exclusively in subjects which had small 

 levels of infarction (i.e., 23 of 29 NHPs, having scores less than 6 points, having recovery less than 2 

 points). Thus, longitudinal behavioral performance assessment of the NHPSS revealed an inverse U-shaped 

 curve distribution across recovery time, with an acute increase of neurological deficits after MCAO, which 

 remained relatively stable at weekly intervals from 14th day and at set intervals. This distribution was 

 confirmed by higher behavioral sampling (data not shown, see Garcia et al., 2019). 

 7.3.4 Correlation of NHPSS to NHPSS 

 Multiple comparisons were conducted to analyze the differences between every evaluation and the last 

 evaluation at 30 days. The results showed significant correlation of NHPSS scores from 3 days to 30 days, 

 with the strength of the relationship increasing over time (see Figure 73). However, a significant correlation 

 was not seen in 1 of the 4 projects. Overall, it was estimated that, by 72 hours post-MCAO, NHPSS scores 

 have a R  2 
 adj  = 0.6 to 30day NHPSS outcomes, and the  line of fit was that NHPSS scores are approximately 

 halved from day 3 to day 30 (i.e., an NHP scoring 25pts at 72hrs would recover to a score of ~ 12.5 ± 5pts 

 by 30days). 
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 FIGURE 73. �&RUUHODWLRQV�RI�$FXWH�WR�&KURQLF�1+366�EHKDYLRXU�GHILFLWV�RYHU�WLPH�LQ�1+3V�

 Correlations of NHPSS scores for all animals post-MCAO over time, with examination of possible batch 

 effects across trials. Increasing significant positive correlations are seen when measures are closer to the 

 final timepoint of interest (i.e. 30 days), but are significant at 3 days post-MCAO. However, the relationship 

 was not seen across all study batches. Figure by Harrison, 2022 
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 7.3.5 MRI Results 

 An example results of MRI lesion volumes is shown in Figure 74, and is the same two example subjects 

 shown in Figure 58 of the previous chapter. Specifically, this per-subject longitudinal trace illustrates: (0) 

 CSF volumes before MCAO, (1) CSF volumes at MCAO, (2) estimated DWI volume during MCAO, (3) 

 estimated PWI volume during MCAO , (4) estimated 48 hr day T2 lesion volume, (5) 14 day T2 lesion 

 volume, and (6) 30 day T2 lesion volume. PWI and DWI volumes were obtained by procedures described in 

 chapter 4, while 48hr to 30 day post-MCAO T2 lesion volumes were extracted as described in Figure 68. 

 First, to analyze the total magnitude of ischemic injury, lesion volumes and remaining brain volumes were 

 quantified per-subject. To prevent error in estimates, volumes of CSF and Brain tissues were calculated 

 prior-to and during the MCAO surgery. Baseline intracranial CSF volume per-subject was estimated as 2.4 ± 

 1.4% at baseline, and 1.9 ± 1.2% at MCAO; equivalent to ~ 2±1mL. Total brain volumes averaged 76,800 ± 

 2,850 mm3 (range 62,920mm3 to 84,500mm3). Estimates of baseline CSF volumes are lower than previous 

 reports in adult Macaques, suggesting intracranial CSF being ~8±1mL (McCully et al., 2020; Muraszko et 

 al., 1993; Riva et al., 2000). However, that CSF was reduced during craniectomy appears to be in agreement 

 with neurosurgical literature, as opening the cranium results in a loss of CSF, and minor shifting of brain 

 matter. 

 Baseline total brain volumes were 76950 ± 2770 mL, and within subject difference of brain tissue volumes 

 between baseline sessions was 2550 ± 3390 ml (i.e., approximately 4 ± 4.5% difference in total brain 

 volume estimate between baseline and MCAO MRI scans). A probability map of lesioned areas, summated 

 from the NHP population, is shown in Figure 74, with two extremes of post-MCAO injury shown in Figure 

 74. Plots of per-subject lesion volume estimates over time are provided in Figure 75, and are discussed in 

 the following section. 
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 FIGURE 74.  Examples of post-MCAO infarction NHP in T2  MR  Images 

 Left,  Example between-subject differences of resultant infarction post-MCAO. Using the same two 

 example subjects presented in Figure 58, in which  two subjects experiencing tMCAO had single session 

 PWI-DWI data  , these two subjects now show resultant infarction volumes at 48hrs and 30 days 

 post-MCAO. 

 Right;  Similar to Figure 56, smoothed simple average probability map for the location of MCAO  at 30 

 days post-MCAO, with the regions of abnormal tissue signal presented as a heat-map mask, overlaid on a 

 typical NHP subject.  Using the region of signal abnormality identified through the algorithms (see figure 

 68), a per-subject mask infarction was made, and the summation of these masks smoothed and thresholded 

 to a T value greater than 2.4. 
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 MRI lesion Volumes; 24-48h 

 Quantification of the lesion volume at 48 h post-MCAO was estimated at 18.4 ± 14.1% (N = 86, range 

 4.5% to 32.3%; CoV = 76%). Total brain volumes at 48hrs averaged 77,000 ± 2,125 mm3 (range 

 70,800mm3 to 82,600mm3; CoV = 2.7%). Thus, lesion volumes were equivalent to approximately 15,000 ± 

 11,000 mm3 assuming a total brain volume of 80,000mm3. Volumes of infarction in non-surviving animals 

 averaged ~ 28.3% (range 19.5% to 31.4%); with an infarction volume of >20% related to ~20% mortality (6 

 of 30 animals). The largest degree of infarction observed in the dataset was at 7 days post MCAO in the 

 animal requiring humane intervention; experiencing over >40% of the total intracranial volume infarcted. 

 MRI lesion Volumes; 30d 

 At the final time point, 30 days post-MCAO, infarction volumes generally decreased. Average T2w 

 delineated infarction volumes were 13.7 ± 6% (N = 82, range 1.6% to 31.6%; CoV = 44%). Total remaining 

 brain volumes at 30 days averaged 73,800 ± 3100 mm3 (range 67,000 mm3 to 83,300 mm3; CoV = 4%); 

 with a mean cortical atrophy per-subject of 3,500 ± 3,600 mm3. Overall, it is estimated that lesion volumes 

 were equivalent to approximately 10,300 ± 4,650 mm3, with the relationship of percent lesion volume on 

 T2 vs volume of infarction in mL being highly significant, with a 1% increase in infarction equivalent to 

 ~0.75mL (R  2 
 adj  =.99). In the subset of NHPs which also  underwent imaging at 14 days post-MCAO (N= 14), 

 infarction volumes were 2.1±1% larger at 14 days vs 30 days (R  2 
 adj  = 0.73). 
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 7.3.5 Relationships between MRI sessions 

 Multiple comparisons were conducted to analyze differences between MRI evaluations to identify trends. 

 First, using previously obtained data on DWI and PWI volumes, correlations were examined for the linear 

 relationship of hyperacute functional imaging to imaging at 48 hours, and 30 days. For DWI data, 

 correlations suggested both growth and recovery of DWI lesions across subjects. When compared to 48hr 

 T2w lesion estimates, an increase in lesion volume between 45 minutes and 48 hours post-MCAO was seen 

 in ~60% of subjects (Figure 75a). The largest degree of growth was from 4.2% to 23% (+19%) total brain 

 volume. Reduction of infarct volumes were also seen, with the largest decrease in infarct from 28.6% 

 percent at 45 min to 15% at 48hrs (-15%). These results suggest a weak but significant correlation DWI to 

 48h T2w volumes (P < 0.0001; R  2 
 adj  = 0.2). However,  correlation of DWI against 30 T2 delineated infarcts 

 end volumes had a much stronger relationship (P < 0.0001; R  2 
 adj  = 0.39; Figure 75b). Post-hoc analysis  of 

 PWI-DWI mismatch, as related to infarct growth or recovery did not show any significant effect of positive 

 or negative mismatch (  n.s. Data not shown  ). 

 For PWI data, comparing the hyperacute fMRI data to resultant infarction at 48 hours, suggested no 

 correlation of PWI deficits in predicting T2 delineated infarcts (n.s. P = 0.08; R  2 
 adj  = 0.03; Figure 75c). 

 However, the majority of subjects showed a decrease of infarction volumes, with 46 of 76 subjects (60%) 

 showing reduction of the perfusion versus 40 hour lesion volume. The largest decrease in infarction was 

 from 24% at 45 minutes to 4% at 48 hours. 

 However, 40% of subjects which saw growth of the infarct, ranging from an increase of 2% to 19%; these 

 subjects were almost exclusively from study 6, and had lesion volumes at 45 min less than 10%. However, 

 there was a weak but significant correlation of PWI against 30 T2 delineated infarcts end volumes (P < 

 0.001; R  2 
 adj  = 0.24; Figure 75d), though post-hoc  analysis suggested that there was a strong effect of study 

 on the directionality of this relationship. 
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 MRI lesion results; 24h vs 30d 

 Overall correlation of lesion volumes based on OASIS and Sublime algorithms applied to MRI follow-up 

 imaging at two days and one month post-MCAO suggested a moderate and significant correlation between 

 48h and 30 days (P < 0.0001; R  2 
 adj  = 0.41; Figure  75e). Too, in comparing per-subject 48hr vs 30d infarction 

 volumes, the majority of animals (54/82) showed resolution of infarct volumes, with the average decrease in 

 volume being -5.5 ± 3.6%, and the largest degree of infarct resolution being -15% (i.e., from 31.5% at 48hrs 

 to 16.2% at 30 days). 

 However, in some subjects (28/82), evolution of the infarct was seen; with those subjects showing growth 

 of the lesion having an average average increase of +2.7 ± 2.2% total brain volume, and the greatest being 

 +7.9% (i.e., growing from 6% at 48hrs to 13.8% at 30days). Of interest, if subjects had Pearson correlations 

 dichotomized by subjects experiencing infarct growth versus reduction, a far greater line of fit was 

 achieved, but this was not indicative of any  a-priori  variables. No correlations were found between total 

 brain volumes and lesion volumes at 2 days nor 30 days (P >0.1; R  2 
 adj  = 0.01 and R  2 

 adj  = 0.09, respectively) 
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 FIGURE 75.  Correlations of Hyperacute to Chronic Infarct Estimates in NHPs 

 Correlations of infarction estimates scores for all animals post-MCAO over time. A) DWI-T2 48hr; B) 

 DWI-T2 30d; C) PWI-T2 48hr,  n.s.  ; D) PWI-T2 30d  n.s.  ;  E) T2 48hr -T2 30d. Not all animals showed a 

 consistent slope of infarct growth or recovery, and there appeared to be strong batch effects, particularly for 

 PWI data (not shown).  Figure by Harrison, 2022 
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 7.3.6 Correlation of NHPSS with MRI 

 Relationships between MRI lesion volumes  versus  MRI lesion volumes over time (section 7.3.5), and 

 behavior scores  versus  behavior scores impairment  over time (section 7.3.4), lead to the question of whether 

 a relationship exists between volumetric measures and functional outcomes. An overlay of per-subject 

 NHPSS scores and infarction volumes is shown in Figure 70, which qualitatively suggest similarities of 

 these two measures. To evaluate the strength of this association, estimated total lesion volumes – based on 

 PWI-DWI fMRI, 48h MRI, and 30 day MRI – had each ROI correlated to NHPSS scores at acute and 

 chronic timepoints. 

 First, the relationship of hyperacute fMRI values during MCAO was compared to NHPSS outcomes; thus 

 answering what predictive value these measures had on the behavioral outcome (N=76). NHPSS scores at 3, 

 4 and 5days post- MCAO (plateau high) were averaged, and the NHPSS score at 28 and 30 days 

 post-MCAO (plateau low) were averaged. It was found that estimated lesion volumes from both DWI and 

 PWI sequences showed a significant positive correlations to the average NHPSS score within 48-120hrs 

 (DWI, p < 0.0001,  ρ  = 0.52; PWI, p < 0.0001,  ρ  = 0.51;  Figure 76a, b). However, neither DWI nor PWI 

 sequences had significant association with average NHPSS scores one month post-MCAO (DWI, p > 0.001, 

 ρ  = 0.32; PWI, p > 0.1,  ρ  = 0.19; Figure 76e, f). 

 Comparing 48hr MRI lesion volumes vs NHPSS scores suggested a significant association of the 

 estimated region of infarction versus both acute and chronic behavioral scores (N=75 surviving 2 days 

 post-MCAO). To evaluate the relationship of stroke volume with behavioral outcomes, a  Spearman  test  of 

 48h lesion volumes and acute NHPSS suggested a significant correlation (p < 0.00001,  ρ  = 0.7; Figure 76c). 

 Too, 48h lesion volumes also suggested a significant correlation to per-subject chronic NHPSS scores (p < 

 0.0001,  ρ  = 0.73; Figure 76g). This results in a general  approximation that an 5% increase of infarct 

 volumes results in a linear fit of 4.5 point increase of NHPSS score (±4 point residual). 
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 NHPSS scores vs MRI lesion volumes; from 45min to 30 days 
 Similarly, associations were found against both acute and chronic behavioral outcomes for 30 day MRI 

 infarction volumes in surviving animals (N=74; Figure 76d, h). Specifically, correlations were found 

 between post-MCAO MRI infarction volumes at 30 days  versus  average acute NHPSS  scores (p < 0.00001, 

 ρ  = 0.69; Figure 76d) and  versus  average chronic  NHPSS scores (p < 0.00001,  ρ  = 0.58; Figure 76h). 

 As MRI lesion volumes accessed at both the second and thirtieth day post-MCAO had a moderate 

 correlation to both acute and chronic NHPSS outcomes, an additional correlation was run including MRI 

 and NHPSS scores at the respective timepoints (i.e., 48hr MRI-NHPSS with 30 day MRI-NHPSS). These 

 pooled values per-subject are shown in Figure 77. This data suggests that, when all individual NHP data is 

 accessed together, per-subject lesion volume estimates over time also show a moderate relationship (p < 

 0.00001,  ρ  = 0.52; Figure 77). This association was similar across studies, illustrated by the coloured lines. 

 However, within subject changes – illustrated by gray lines – were less consistent, likely reflecting the 

 observed within-subject variability for increases and decreases of both NHPSS scores and lesion volumes 

 over time. 

 To quantify interactions for degree in recovery following ischemia, a behavioral and volumetric ‘recovery 

 index’ was obtained based on change of acute vs chronic NHPSS scores, and change in percent brain 

 infarction volume per-subject. Surprisingly, no correlation was found for the change in NHPSS scores 

 versus change in infarction volumes (R  2 
 adj  = -0.01  ; p >0.9.  Data not shown. See gray lines Fig Y  ) ,  though a 

 moderate correlation was found suggesting more severe acute NHPSS scores result in greater recovery 

 indexes (R  2 
 adj  = 0.37 ; p < 0.0001.  Data not shown  ),  and small correlation in average infarction volumes and 

 change in volume score (R  2 
 adj  = 0.17 ; p < 0.0001 and  R  2 

 adj  = -0.16 ; p < 0.001 , for 48 and 30days 

 respectively.  Data not shown  ). 
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 FIGURE 76.  Correlations of Lesion Volumes vs Behaviour Scores in NHPs at Acute and Chronic timepoints 

 Correlations of all animals post-MCAO over time. A) DWI- Acute NHPSS R ����DGM� = 24%; B) PWI-Acute NHPSS 

 R ����DGM� = 21%; C) 48hr lesion - Acute NHPSS, R ����DGM� = 49%  ***; D) 30d lesion - Acute NHPSS R ����DGM� = 50% ***;  E) DWI- 

 Chronic NHPSS R ����DGM� = n.s. ; F) PWI-Chronic NHPSS R ����DGM� =  n.s.; G) 48hr lesion - Chronic NHPSS R ����DGM� = 42% **;  H) 

 30d lesion - Chronic NHPSS R ����DGM� = 32% **.  Figure by  Harrison, 2022 
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 FIGURE 77.  Correlation of Acute to Chronic Lesion Volumes vs Behaviour Scores in NHPs, pooled 

 Correlations of all animals post-MCAO over time, similar to Figure 76, but collapsed for time. In other 

 words, this includes MR imaging at 2 days and 30 days post MCAO, and NHPSS scores at 2 days and 30 

 days  post MCAO. Overall, structure-function relationships or MRI vs NHPSS were R  2 
 adj  = 35%. This 

 relationship was seen across all study batches.  Figure  by Harrison, 2022 
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 7.3.7 Treatment Effects 
 Novel compounds were administered following 60-90min post-MCAO (studies A,N,U) or at 14 days 

 post-MCAO (study D). Various compounds were administered to the experimental arms in each study, 

 subjects were dichotomized as receiving ‘drug’ or ‘vehicle’, as to permit the understanding of normal 

 variation in untreated versus treated NHPs post-MCAO  (i.e., controls = placebo / normal saline/  ‘vehicle’  / 

 treatment as normal)  . Thus, an evaluation of treatment  versus placebo in animals was performed. 32 animals 

 were allocated as ‘control’ and 55 animals were allocated as ‘treatment’. However, of the observed 

 mortalities, all 5 were in animals receiving some form and dose of a pharmacological compound. 

 Percent Infarction Volumes of Control Animals 

 Batch-level averages suggested differences in study populations (see Figure 71). Thus, the dataset was 

 filtered to only those animals which received placebo as the control experimental arm. Subject 

 demographics were not significantly different in the distributions of weights nor ages in NHP subjects 

 receiving placebo amount study batches (  Data not shown  ).  In examining only the final time point of 30d 

 post-MCAO, no significant effects were seen between study batches of control subjects in either infarction 

 volumes (see Figure 78e,  p  adj  =.35, ε  2  = 0.11,  n.s  ),  nor NHPSS scores (see Figure 78f;  p  adj  =.05, ε  2  =  0.16, 

 n.s  ). In depth statistics of control subjects, similar  to analysis presented in sections 7.3.1-7.3.5 are presented 

 in Figure 79. 

 Percent Infarction Volumes of Treated NHPs 

 A  potential confound preventing pooling of subjects  is that NHPs were part of preclinical trials evaluating 

 different compounds, and differing treatments may have differing effects.  As batch-level differences  were 

 found in study populations (Figure 71), but no difference was seen in control subjects, it may be inferred 

 that differences existed in animals receiving novel treatments.  To test if treatment effects differed  among 

 study groups,  the data was filtered to only those  animals receiving novel treatment interventions. Subject 

 demographics did not significantly differ in weights nor ages among study batches (  data not shown  ). 
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 In examining 30d post-MCAO, a moderate effect was seen among studies for ischemic lesion volumes 

 (see Figure 78g;  p = 0.0013  , ε  2  = -.32) and  post-hoc  tests suggested a significant difference of  30d 

 volumes of infarction between study A and study U (Figure 78g; Dunn's test,  17±6% vs 10±4.5%,  p  adj 

 =.006). Similarly, a moderate effect was seen when examining NHPSS scores among studies (see Figure 

 78h;  p = 0.0013  , ε  2  = -.32) and  post-hoc  again suggested  a difference between study A and study U (Figure 

 78h; Dunn's test,  17±6% vs 10±4.5%,  p  adj  =.006).  These results suggest that neuroprotection may be seen in 

 study U. To confirm this, a pairwise comparison  of all control subjects vs treated NHPs of study U  was 

 performed. These results  suggested no significant  difference existed in U-treated animals for infarction 

 volumes (Dunn's test,  n  control  =32, 13.3±5.1%;  vs  n  treatment  = 9, 10±4.5% ,  p  adj  =.07;  data not shown  )  nor for 

 behavioural deficits (Dunn's test,  n  control  =45, 3.1±3.6  vs  n  treatment  = 18, 2.6±2.4 ,  p  adj  =.09;  data not  shown  ). 

 Based on these data, though some batch-level effects may be present, all subjects were pooled into treatment 

 or control groups for analysis and group-level estimates. 

 Statistics of Treatment vs Control NHPs during  Hyperacute  >12hr Behaviour and  Infarction 

 As shown in Chapter 3 using rodent models, varying injuries may occur in subjects, even though the 

 MCAO procedure is identical. Thus, we examined whether results of Treatment vs Control may be biased 

 by initial MCAO injury. Similar to results of Chapter 6, data of surviving animals recovering to 30d post 

 MCAO suggested hyperacute fMRI imaging had no significant difference in volumes of perfusion deficit or 

 “tissue at risk” in each group (control = 12.4 ± 6.6%  vs  treatment = 18.8± 6.3%,  ns.)  , nor hyperaute  DWI 

 volumes (control = 14.8 ± 6.1%  vs  treatment = 16.5±  5.3%  ns.  ). Pooled PWI-DWI volumes by 

 treatment-control are presented in  Figure 78a, which  suggest  a trend for worse deficits in the treatment 

 group (Mann-Whitney, r  bs  = -.23,  p  adj  = 0.01.  ns.  ). In addition, NHPSS scores of surviving subjects recorded 

 between 8-12hrs post-MCAO did not present a significant difference in treatment vs control (  Figure 78b; 

 control = 21.5 ± 8.2%  vs  treatment = 14.9± 7.1%; Mann-Whitney,  r  bs  = -.09,  p  = 0.58.  ns.  ). 
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 Statistics of Treatment vs Control NHPs during  48hr Acute Behaviour  and  Infarction 
 Post-MCAO deficits appeared greatest between 24-96 hours post-op. Examining infarction volumes at 

 48hrs suggested control subjects had volumes of infarction of  14.1± 5% (N = 31, range 7% to 25%; see 

 Figure 79, 80). Of note, it was identified post-hoc that one (n =1) subject in the control group did not receive 

 an MR scan at 48 hours due to a scanner malfunction. Control subjects behavioural deficit scores at 48 hrs 

 were 15± 7.2 (N = 32, range 0 to 28; see Figure 79, 80). For subjects allocated to the treatment arm, 

 infarction volumes at 48hrs suggested subjects had volumes of infarction of  18.9± 9.2% (N = 50, range 

 4.5% to 32.5%; see Figure 80). Of note, it was identified post-hoc that two (n =2) subjects in the treatment 

 group did not receive an MR scan at 48 hours due to a scanner malfunction. NHPs receiving treatment had 

 behavioural deficit scores at 48 hrs of 16± 7.8 (N = 53, range 0 to 32;  data not shown  )  Overall, no 

 significant differences were observed in volumes of infarction between pooled treatment vs control subjects 

 at 48hrs, (Mann-Witnlety, r  bs  = -.11,  p  adj  = 0.2.  data not shown  ) nor were significant differences were 

 observed inNHPSS scores between pooled treatment vs control subjects at 48hrs, (Mann-Witnlety, r  bs  = -.02, 

 p  adj  = 0.7.  data not shown  ) 

 Statistics of Treatment vs Control NHPs during  30d  Late Behaviour and  Infarction 
 Long-term functional and structural improvement is the goal of any interventional treatment. Thus, the 

 primary outcome measures of these interventional studies were effects of treatment on 30 day NHPSS 

 scores and volumes of infarction. MRI estimation of infarction volumes in control suggested 13.3± 5.1% (N 

 = 31, range 1% to 28.5%; see Figure 78c, 79, 80), with these subjects having an group average NHPSS 

 scores of 6 ± 5pts (range 0 to 28 pts; see Figure 78d, 79). For surviving subjects allocated to the treatment, 

 total brain infarction day 30 was 17.1± 7.6% (N = 50, range 2% to 33.2%; see Figure 78c), with group 

 average NHPSS scores of 7.6 ± 7pts (range 0 to 28 pts; see Figure 78d). Thus, no significant differences 

 were observed between pooled treatment vs control subjects at 30 days, though a trend for worse outcomes 

 in animals receiving treatment (Figure 78c, r  bs  =  -.27,  p  adj  = 0.04.;  78d, r  bs  = -.3,  p  adj  = 0.03.). 
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 FIGURE 79.  Statistics of  Brain and Behaviour Deficits from 45min to 30 days in Control NHPs 

 Shown is the sub-population of control animals. Per-subject  density of observations by each variable, and 

 pairwise comparison of multivariate data across control subjects. Spearman’s R, Pearson’s R  2  , raw  p  value. 

 No mortalities were observed in control subjects. With 15 test comparisons, only p <0.003 is significant. 

 there was significant regression of: PWI-DWI vs 30d T2 volumes, 48hr T2 on 30d T2 volumes, (similar to 

 Figure X); 48hr T2 on 7-14 day NHPSS score and 21-30 day NHPSS score (similar to Figure X), and 

 strongly significant relationships between NHPSS scores over time and 30 day T2 infarct volumes. 

 Surprisingly, 30d infarct volumes were strongly related to 21-30d NHPSS in controls (R  2  = 19%, p = 0.07). 

 Grey scatter-line plots indicate  n.s.  relationship.  Figure by Harrison, 2022 

 382 374

Within Model Relationships
only control animals
N = 33



 7.3.9  Estimated Sample size requirements and Statistical Power 

 Similar to Chapters 4, 5, and 6, results of these data are used to quantify parameters for a power calculation, 

 as to aid future research in NHP MCAO preclinical experiments. Based on data from the present study, the 

 following estimates, and sample sizes, are calculated using GPower3 (Faul et al., 2007). 

 As the primary outcome of interest is 30 days post-MCAO, the power analysis is restricted to only 

 providing an  a-priori  sample size estimate to evaluate  effects between two independent groups, treatment vs 

 control, at 30 days post-MCAO for histological and behavioral results. For ease of calculation, we assume 

 the best-case scenario, based on the population average and deviation observed in the control population at 

 30 days post-MCAO (see Figure 79).For volumes of infarction the mean is estimated at 13.3 ± 5% of total 

 brain volume (CoV = 38%, versus  the total population was 13.9 ± 6%, CoV = 45%). For NHPSS scores, 

 the control population mean is estimated at 6 ± 5 points (CoV = 83%, versus the total population at 6.5± 5.9, 

 CoV = 91%). 

 As STAIR criteria recommend at least a 30% reduction of infarct size, thus a beneficial treatment effect 

 would result in 8.9 ± 5% infarct volume, and NHPSS scores of 4 ± 4 pts. Then, to establish 80% power for 

 differences between two independent group means (13.3 ± 5% vs 8.9 ± 5%), using a Two Tailed T-Test of 

 two independent means and an allocation ratio 1:1, a minimum of 25 animals would be required per group 

 based on infarction volumes, and 130 NHPs based solely on NHPSS scores. 

 However, to account for variation of initial injury severity, the non-normal distributions of data, and 

 account for a 10% sample mortality, we recommend that the sample is increased to a minimum size of 60 

 animals (30 per group). If using the overall population, rather than just population estimates from control 

 subjects, it is likely that a study meeting 80% power would require over 70 NHPs. Though such sample 

 sizes were common in NHP MCAO studies of the 1980’s (REF), current studies fail to meet this number. 
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 7.4 Conclusions 

 Here, we presented data on an optimal pre-clinical experimental paradigm; a chronic old world primate 

 model of stroke. Data regarding the distributions of NHPSS ordinal scores and  histological estimates from 

 MRI (from DWI  1hr  PWI  1hr,  to T2  2 days    and T2  30 days  )  is summarized. Then, relationships of behavioral deficits 

 were assessed relative to the histological estimates. Results from chapter 7 show support, and argument 

 against, our hypotheses. As outlined in our publication ‘ Stroke Longitudinal Volumetric Measures Correlate 

 with the Behavioral Score in Non-Human Primates ’ ( Ramirez-Garcia et al., 2019) , present results 

 recapitulated out previous findings of a strong correlation between overall volume of stroke lesion, and 

 degree of behavioral deficit by NHPSS. This is similar to past results from this laboratory. For example, 

 Cook (2016) found in 13 macaques, there was a significant positive correlation between 24h DWI and 24h 

 NHPSS (r =0.60, p =0.03) and a positive but non-significant correlation at 30d (r= 0.55, p=0.51). T2 stroke 

 volume at 30 days correlated with NHPSS at 24h (r=0.86, p<0.001) and 30d (r=0.81, p<0.001). 

 However, similar to our descriptions in Chapter 6, variability exists not only in the initial PWI, but also in 

 the relationship between the initial perfusion volumes and subsequent lesion volumes at 24 hours and 48 

 hours. MRI volumetric estimates of infarction at each time ( t   0  ,   t   2 days   ,  t   30 days   )  showed a  range of values, 

 suggesting within-group variation per-cohort. Importantly, this suggests that, though a sample may show 

 similar PWI measures, sample heterogeneity may still exist. PWI and DWI measures weakly determined 

 later MRI volumes outcomes, and  later behavioural outcomes. It appears that the NHP model – like the 

 rodent model – shows intrinsic model variability regarding stroke pathogenesis. However, this variability is 

 far less than that of rodent models, and the clinical population, providing strong support for the NHP model 

 as being a good model for stroke research, if utilized properly. Specifically, present results suggests that, 

 though the NHP model has a CoV of approximately 38%, such within model variance is greater than 

 estimated by previous published research, and suggests preclinical investigations may be prone to 

 inadequate power in using sample sizes less than 60. 
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 7.4.1 Results of the Chapter Hypotheses 

 Regarding assumptions prior-to analysis were: 

 aA.  NO, Brain infarction volumes at 30 days  did  differ  by study batch, 
 aB.  NO, Behavioural deficits at 30 days  did  differ by  study batch, 
 aC.  NO, Brain infarction volumes by T2 imaging at 48 hours  did not  have a normal distribution 
 aD.  NO, Brain infarction volumes by T2 imaging at 30 days  did not  have a normal distribution 
 aE.  NO, Behavioural deficits at 48 hrs  did not  have a  normal distribution 
 aF.  NO, Behavioural deficits at 30 days  did not  have a  normal distribution 

 aG.  NO,  Behavioral scores earlier than 24hrs did not predict 30 day behavioral deficits, 
 AND, scores before 24hrs had low inter rater agreement 

 aH.  YES, Behavioral scores at 3 days are significantly worse than late deficits (  p    < 0.001), 
 aI.  YES,  Behavioral at 3 days deficits did predict 30 day behavioral deficits (R  2    = 60%), 

 aJ.  NO, Hyperacute DWI volumes weakly predicted 2 days infarct volumes (R  2    = 20%), 
 AND PWI volumes did not predict 2 day infarct volumes (n.s.) 

 aK.  NO, Hyperacute DWI volumes weakly predicted 2 days infarct volumes (R  2    = 39%), 
 AND PWI volumes weakly predict 2 day infarct volumes (R  2    = 24%) 

 aL.  NO, Early (2 days) infarct volumes  did not  predict  late (30 days) infarct volumes (R  2    = 40%), 

 aM.  NO, Hyperacute DWI volumes weakly predicted 2-5 day behavioural deficits (R  2    = 24%), 
 AND PWI volumes weakly predicted 2-5 day behavioural deficits  (R  2    = 21%) 

 aN.  NO, Hyperacute DWI volumes did not predict 30 day behavioural deficits (n.s), 
 AND PWI volumes did not predict  30 day behavioural deficits  (n.s) 

 aO.  YES, early (2 days) infarct volumes did predict Acute (1-5 days) behavioral deficits (R  2    = 49%), 
 aP.  NO, early (2 days) infarct volumes did predict Acute (1-5 days) behavioral deficits (R  2    = 42%), 
 aQ.  YES, Acute (1-5 days) behavioral deficits predict late (30 days) infarct volumes (R  2    = 50%), 

 For the hypotheses of the chapter: 
 1A.  YES, Brain infarction volumes of control subjects did not differ by study batch 

 1B.  YES, Behavioural deficits of control subjects would not differ by study batch 

 1C.  NO, treated animals did not show treatment benefit for infarction volumes; 

 1D.  NO, treated animals did not show treatment benefit for behavioural scores; 

 1E.  YES, Coefficients of variation in primate models at 30 days are 40% 
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 7.4.2 Summary of limitations 

 A challenge in these data is that historical NHPSS scores appear to have a differing functional curve than 

 recent NHPSS scores, with little inter-rater agreement within the first 20 hours of assessment. For example, 

 Cook 2016 suggested that NHPSS results demonstrated an initial peak in score immediately following 

 surgery to approximately 36 hours post-MCAO (36.3±19). However, later observations suggested that 

 behavioral impairments were relatively stable prior to 36 hours post-MCAO, with secondary progression of 

 the infarct (ie. Remeriz-Garcia et al., 2019). Thus, due to lack of agreement, the first 2 observations 

 post-MCAO (8hrs and 12hrs) were removed from the analysis. A point of agreement was that, following the 

 first week post surgery, NHPSS scores plateau and remain relatively stable from 14 to 30 days (14.36 ±9.2, 

 Cook 2016;   9.9± 8.23, Hernandez-Castillo et al., 2017; 13.4±10.3, Remeriz-Garcia et al., 2019). 

 Diffusion-weighted imaging (DWI) scans are commonly used to evaluate the core of the stroke and could 

 assist in differentiating the penumbra through apparent diffusion coefficients in acute stages. However, T2 

 images, which are also part of standard imaging protocol in stroke imaging (Jacobs et al., 2001), also 

 allowdelimiting core and penumbra stroke at acute and chronic stages (Quast et al., 1993). Additionally, at 

 the hypera- cute stroke phase DWI and T2 volumes match, with T2 volumes being slightly larger due to 

 edema (Cook et al., 2012a). It is important to measure the global ischemic lesion including edema because 

 this induces physical distortion of cells in the edematous zone, increases tissue pressure that can create 

 localized decreases in blood flow and is the site of blood–brain barrier breakdown, infiltra- tion by 

 peripheral cells and exposure to local and periph- eral inflammatory cytokines which impact the final tissue 

 survival (O’Brien, 1979; Mahajan and Bhagat, 2016; Stokum et al., 2016). Therefore, the hyperintensity of 

 ischemic edema region incorporates the defined penumbra based on blood flow but also incorporates tissue 

 at risk of secondary injury over time. 

 386 378



 Although, T2 images have shown false negative rates of lesion volume measures during acute stages post- 

 stroke onset (Yuh et al., 1991), the use of T2 images to delimiting the stroke lesion (core and 

 penumbra/edema) could be improved through pre- and post-processing strategies (denoising, inhomogeneity 

 corrections, change voxel size to reduce the partial volume effect and intracerebral volume mask to remove 

 the herniation) which influence the final volume measure as has been previously suggested (Milidonis et al., 

 2015). 

 On the other hand, it is hypothetically possible that microsurgical retraction could cause some localized 

 injury to brain tissues being retracted. As the region being retracted is also the region experiencing ischemia, 

 we are unable to prove that no injury occurs from this retraction. However, the relative impact of this 

 retraction procedure in comparison to the ischemic injury is likely minimal. Perfusion deficits by artery 

 occlusion injury induce liquefactive necrosis within hours of ischemic onset. Thus, the T2 signal at 48 hours 

 would best reflect damage from ischemia rather than changes due to surgical retraction. 

 The Spearman correlation is less sensitive than the Pearson correlation to strong outliers that are in the 

 tails of both samples. That is because Spearman's ρ limits the outlier to the value of its rank. 
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 Conclusions: 

 Chapter 8: 

 Proposals for Improving Translational Stroke Research in Murines and Macaques 

 _ 
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 8. Proposals for Improving Translational Stroke Research in Murines and Macaques 

 “  l'autorità dell'opinione di mille nelle scienze non  val per una scintilla di ragione di un solo,” 

 For in the sciences, the authority of thousands of opinions 

 is not worth as much as one tiny spark of reason in an individual. 

 ― attributed to  Galileo Galilei 

 ISBN  8874172192, 

 9788874172191 

 Chapter Abstract 

 The following chapter summarizes the experimental results of the thesis, and provides future directions 

 regarding the implementation of future preclinical stroke research. Overall, it is suggested that, though 

 rodent animal models are a useful preliminary proxy for stroke research, a non-human primate cynomolgus 

 macaque model is preferable. In both of these animal models, sample sizes per group should not be less than 

 40 subjects to compensate for the innate variability of stroke pathogenesis. 
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 8.1 Summary of the Chapter 

 No published literature exists specifying minimum requirements for meeting ‘statistical power’ in 

 preclinical evaluation of pharmaceuticals. This reflects a gap in our knowledge of ischemic stroke, where 

 researchers lack guidance regarding study design and evaluation of therapeutic efficacy. In not knowing the 

 underlying population characteristics of animal models, it is easy to make incorrect assumptions regarding 

 model validity and the accuracy and power of experimental research. There may be great heterogeneity in 

 brain vasculature, organisation, and secondary systemic physiological processes which introduce variability 

 in both human and animal stroke pathophysiology. Furthermore, as Kahneman (2011) discusses in his law of 

 small numbers, one would need a diverse sampling of test subjects to guard against sampling bias effects. 

 This is unfortunately uncommon in preclinical stroke research. 

 Preclinical research groups currently use differing animal models, differing behavioural and differing 

 histological outcome measures, with differing underlying animal populations, which all of which contribute 

 to heterogeneous reports of initial injury characteristics. Current methods used are numerous, 

 unstandardised, and non-normed, even though purportedly measuring the same ‘model of stroke’. 

 Fragmented processes of pre-clinical research are reflected in variable and questionable methodologies 

 among studies. This is troubling. Current practices lie in stark contrast to the ‘3Rs’ mission. Indeed, 

 controversies regarding substandard research processes involving use of NHPS has led to closure of 

 research facilities (i.e., a notable example is the lab of E. Sander Connolly at Columbia University. 

 Following CNN reporting on the Primate experiments of the group, NHP experiments were ceased though 

 the research group continues rodent and clinical research in stroke). Indeed, though there are over 80 

 primate research labs globally, more than eight have closed due to research and/or ethical concerns in the 

 last 20 years. Thus, to avoid unsuccessful drug development, unethical research practices, and lab closures, 

 we propose a standardized approach for future preclinical MCAO research. 
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 8.1.1 Summary and Recommendations based on Chapter 4; Rodent MCAO models 

 Results from Chapter 4 suggest large variation in stroke volumes following MCAO in Rodents. We 

 estimate that common experimental designs for preclinical models of stroke in a young Sprague Dawley Rat 

 by intraluminal MCAO would require a population of 250 animals based on a 30% effect size to have power 

 confirming treatment effects. If an experimental design utilized MRI measures of perfusion, adequate 

 sample size required would be N = 20 per group (Fernández-Susavila et al., 2017; Dirnagl, 2016). However, 

 to obtain 40 ‘suitable’ animals, we estimate that at least 250 animals would need to undergo the procedure to 

 account for mortality and criteria exclusion. The estimated material costs for such an experiment range 

 between 35,000 to 65,000$CAD, 100,000 to 200,000$CAD for labor, and $250,000CAD of required 

 infrastructure, equipment, and other overhead costs. This brings into question the ‘cost-benefit’ of the 

 Sprague Dawley model, and the financial and clinical returns gained from such experiments. 

 The rationale for this observed heterogeneity is numerous. Surgical skill, animal subspecies, and exact 

 method of MCAO induction and points of measurement are all thought to influence outcomes. Filtering 

 based on acute behavioral scores reduced variability, but still showed large standard deviations of the 

 sample population. It was also found that common methods of infarct volume calculation can skew values. 

 8.1.2 Summary and Recommendations based on Chapter 5; Meta analysis of NHP MCAO Models 

 Results from Chapter 5 suggest considerable heterogeneity in published research of NHP MCAO, and  a 

 need for exercising caution before extrapolating from pooled estimates of treatment effects (Thompson, 

 2001). The question regarding validity of NHP models could not be supported by results of metanalysis of 

 the research, as model evaluation was confounded by the lack of standardization across research groups. 

 Thus, we propose standards for experimental design; minimum sample sizes; preferred NHP Species; 

 methods for MCAO induction; time-points and methods of measurement post-MCAO; and reporting of 

 infarct size and group effects for future preclinical NHP ischemic stroke research. 
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 8.1.3    Summary and Recommendations based on Chapter 6; Hyper-Acute NHP MCAO Model 

 Results from Chapter 6 using serial MRI in NHP stroke suggest that stroke can be studied in a more 

 clinically relevant animal model in which the precise stroke onset is known. However, discrepancies of the 

 temporal profiles between animals, like human  subjects,  tissue signatures of ischemic lesions are 

 heterogeneous, and may influence evaluations of treatment efficacy.  These results are  , in some respects, 

 consistent with previous serial diffusion MRI stud  ies  in NHP stroke. Specifically, 73% of animals (24 of 33) 

 in the analysis had increasing lesion volumes up to 6 hours, with the proportion of initial tissue at risk 

 remaining as salvageable penumbra at 3 hours averaging ~25% (similar to Cook, 2016, pg 223-226). 

 Reports from rodent models suggest that mismatch volumes in rodent MCAO are essentially complete by 3h 

 post-occlusion. In this study there was frequently a mismatch in PWI/DWI at 3 hours post-MCAO, 

 suggesting salvageable tissue. Regarding average volumes of infarction, data are similar to past research 

 from this laboratory (e.g., Lapchack 2019; Cook, 2016), and similar to work by Wu and colleagues (2016), 

 who using endovascular pMCAO (N= 3) suggested ~16 ± 5.2% total brain infarction (CoV = 32%), and 

 Wey and colleagues (2011) who suggested that pMCAO (N=2) resulted in DWI infarction of 17% of total 

 brain volume at 3 hours post-MCAO; whereas in tMCAO (N=2) mean infarct ranged from 3% to 15% of 

 total brain volume. However, The present results are in some respects in disagreement with previous serial 

 diffusion MRI studies in NHP stroke. For example, DWI infarctions reported in the literature tend to be 

 small, resulting in high within model variance. Examples include: Lui et al., (2005; N = 9; ~6.3 ± 5.6%); 

 Liu et al., (2007; N = 7; 3.5± 2.5%); de Crespigny et al., (2005; N = 9; 3% ± 2.2%); Gauberti et al., (2012; 

 N = 4; 2.5% ± 2.5%); Tong et al., (2015; N = 8; 3.5 ± 1.5%); Wu et al., (2020; N = 14; 2% ± 1%); while 

 Zhang, et al., (2015; N = 6) suggested DWI averaged 4.4±3.5%, and PWI volumes 6.4±3.5%. Studies 

 presenting small ischemic lesion volumes often have a large within-model CoV, ranging from 50% to 100%. 
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 Previous investigations used sample sizes less than 15 animals. Given the limited quantity of tissue 

 available for salvage and higher variability in absolute stroke volume, a higher n value is required to 

 adequately power st  udies (e.g., Cook, 2016, pg. 237,  246). Based on the example power analysis, common 

 NHP preclinical practices employ less than a quarter of the required sample size to reach 80% statistical 

 power. Worse still, the majority of publications investigating NHP neuroimaging often only report DWI 

 measures post-MCAO, and infrequently report both DWI and PWI. A novel finding in these data is that, to 

 the author’s knowledge, this is the first study to report the presence of spontaneous DWI reversal, and 

 inverse PWI-DWI mismatch in primates. Though other research groups have identified DWI reversal 

 following recanalization of NHPs in transient MCAO (e.g., Yi et al., 2017), this investigation suggests that 

 DWI reversal can occur during permanent occlusion of the MCA. 

 In conclusion, present data are first in articulating population variation of DWI and PWI in NHP stroke 

 models. The present data is, so far as the author is aware, the largest single study regarding hyperacute NHP 

 neuroimaging. The perfusion–diffusion mismatch has been widely observed in humans, but similar 

 observations are infrequent in NHPs. Serial MRI has been used for monitoring NHP stroke lesion evolution 

 in only a dozen publications (e.g., Liu et al., 2005; Liu et al., 2007;  de Crespigny et al., 2005;  Wey  et al., 

 2011; Hamberg et al., 2002; Sasaki et al., 2011; Gauberti et al., 2012; Zhang, et al., 2015; Cook, 2016; 

 Lapchak et al., 2019; Wu et al., 2016; 2020). To correctly interpret the results of studies that use MR 

 imaging to monitor the effects of stroke therapies it is important to establish the natural evolution of MR 

 parameters in patients, or primates, not treated with thrombolytic agents or investigational neuroprotective 

 drugs. For example, The dynamics of perfusion and diffusion volumes can act as within-subject controls 

 (Cook, 2016). Indeed, it may be that the reversal of PWI volumes and DWI lesions was only seen in animals 

 receiving drug treatment. Given a sufficient number of animals, the hyperacute MCAO protocol likely 

 provides a useful preclinical model for stroke research. However, further work should define the predictive 

 value of DWI and PWI in acute stroke. 
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 8.1.4  Summary and  Recommendations based on Chapter 7; Longitudinal NHP MCAO Model 

 Results from Chapter 7 using  a longitudinal model of stroke in NHPs provide an excellent depiction of the 

 issue of drug development in stroke. Specifically, like human subjects, even though the surgical method and 

 patient demographics were nearly identical, a significant variation of outcomes was observed. Though this 

 variability is far less than human chorts, being a CoV of approximately 38%, this variability is less than the 

 idealized expectations  of anatomical heterogeneity of the MCA terr  itory, estimated as a CoV of 25%. 

 These results are  , in some respects, consistent with  previous reports, many of which are reviewed in Chapter 

 5. However, a novel finding of this work is the quantification of brain infarction over time, in a large 

 population of animals in which no experimental treatment was employed. This work also underscores the 

 importance of investigating new therapeutics over time, as though some subjects may appear to have 

 significant benefits in hyperacute periods, these benefits may no longer be significant in the following weeks. 

 Primate research has been favored by some researchers because of the apparent face validity of these models. 

 However, the paucity of positive results in clinical trials, together with the disparity in clinical and 

 exper-imental protocols, have hindered the validation of NHP neurological scoring and MRI infarct volume 

 estimates in animal experiments as predictors of outcome in human disease. This challenge in translation is 

 not unique to stroke research. Work by Hackam and Redelmeier found that where drugs tested or developed 

 in animal disease models were taken to clinical trials (57% of treatments in trial), only two thirds of those 

 trials replicated the findings of animal studies (Hackam and Redelmeier, 2006). Use of an inadequate model 

 may lead to misinterpretation of the results and the extrapolation from animal models to humans can be 

 unreliable. The success of stroke models  employing  primates  for the evaluation of treatment efficacy,  and 

 having implications regarding safety or mechanism, is at present less clear if substantial adequate sampling 

 of subjects is not employed. NHP models can help in elucidating treatment of human disease; however, great 

 care must be taken in translating the clinical implication of findings depending on experimental quality. 
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 8.2. Thesis Summary and Answering questions of the dissertation: 

 In Chapter 4, the suggested rodent MCAO model was performed, and outcomes evaluated in our hands to 

 determine what would be required to meet statistical power to evaluate a novel drug in this model. Results 

 suggested large within-model variability, being an estimated CoV of 99%. Based on the results of this 

 chapter, it is suggested that  common rodent models  are NOT a good proxy for human stroke. 

 In Chapter 5, meta analysis of NHP MCAO research was conducted. Prohibitive heterogeneity in the 

 literate was found, with a model CoV of 74%. This heterogeneity was so great as to prevent seeing 

 established concepts such as longer durations of ischemia conferring larger injuries. This suggested the NHP 

 model was also poor. 

 In Chapter 6, experimentally, hyperacute neuroimaging of ischemic injury was used to evaluate a model of 

 stroke in NHPs. Results suggested some model variability, being a CoV of 37%, but caveats were similar to 

 the estimated variability of the MCA territory in humans. This suggested benefit of the NHP model. 

 In Chapter 7, lastly, an acute-to-chronic neuroimaging and behavioural assessment of ischemic injury is 

 also a common methodology in modeling stroke in NHPs. Results suggested some model variability, being a 

 CoV of 38%. Benefits of the NHP model included investigating relationships of tissue loss to end functional 

 outcomes, and how initial PWI-DWI deficits relate to later outcomes at one month post-MCAO. This 

 suggested benefit of the NHP model. 

 OVERALL, it is suggested a Non-human primate MCAO model is a better proxy for stroke research, 

 GIVEN, sufficient scientific rigour is implemented, such as sample sizes no less than 40. 
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 8.2 Goal of Causal Inference in Stroke Research 

 The goal of preclinical MCAO studies is to provide a reliable model of human stroke, establishing 

 whether observed differences between sample populations reflect drug efficacy. A good animal model should 

 be both reliable and valid. That is, (i) produce consistent and replicable outcomes, (ii) have sound theoretical 

 underpinnings, and (iii) have the ability to predict the effect of an intervention on clinical outcome. One 

 putative marker for reliability and efficacy is statistical power (Button et al., 2013). No legislative policy 

 clearly establishes ‘efficacy’, though a general rule is 80% statistical power (e.g., FDA; Hickey et al., 2018). 

 Any study in which the goal is to make causal inferences about a population from a sample requires adequate 

 statistical power. 

 Causal inferences of “efficacy” cannot be made by statistical models alone. Causal effect requires 

 background knowledge, and identifying what would have happened in a counterfactual world in which an 

 event didn’t take place. In this case, what the outcome of stroke would be with, or without, a treatment. If no 

 effect exists, power becomes independent of the sample size and is simply equal to the type I error rate 

 (Nord et al., 2013). Determination of efficacy depends on rejecting the null hypothesis that the probabilistic 

 distribution of outcomes with treatment is equivalent to without treatment. However, though it is well 

 understood that the neurological outcomes following ischemic brain injury depend on a multitude of factors, 

 the majority of these factors, and their parameters, prior to this dissertation, were unaccounted. 

 The calculation of power depends on experimental precision (e.g., sample size, N), a given effect 

 size (d), the true population mean (x̄), and variance (σ). Knowing these variables is imperative before 

 creating claims of treatment effect. Current recommendations for preclinical models of stroke do not provide 

 essential information such as required N, d, μ, or σ to illustrate statistical power. In other words, provided 

 guidelines state that there needs to be a 'power analysis'. However, it doesn't say anything about an accurate 

 power analysis. Because investigations in experimental stroke research lacked basic information regarding 
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 normal variation, they often made incorrect assumptions regarding optimal sample size  (Tavernier and 

 Giraudeau, 2015) . Indeed, some authors in clinical literature estimate 500 subjects in each group, with three 

 follow up visits, is required to meet ‘true’ 80% statistical power in a stroke population  (Cassarly et al., 

 2017) . By contrast, the average number of animals per treatment arm in most rodent and NHP studies 

 reviewed in this thesis was a sample size of six animals per-group, often with one time point. 

 Identifying treatments is contingent on accurate evaluation of prospective treatments in animal models 

 of human pathology, with lesion volume often the primary outcome measure for in vivo stroke research. 

 Animal models provide a means of removing confounds which are normally present in clinical populations, 

 for example, ischemic duration can be held constant which removes confounds associated with variations in 

 time. Though rodents and NHPs are mandated in current approval processes, beneficial outcomes prior to 

 this dissertation were not well defined. Lack of  agreement regarding techniques among research groups 

 likely underlies poor drug translation. By characterising two preclinical experimental models of stroke, one 

 in a common rodent model and one in a non-human primate model, the aim was to elucidate relationships 

 between variables in these animal models, and provide estimates of the required statistical power for 

 identifying causal therapeutic efficacy. To this end, the thesis has characterised the Murine and Macaque 

 model of focal ischemic stroke, with example calculations of statistical power presented in each chapter. 

 In future, calculations of statistical power and therapeutic efficacy would benefit from computer 

 simulations of stroke injury. Simplifying real-world problems in this manner can provide safer and cheaper 

 methods for estimating efficacy than performing experiments in the real world.  Adopting a standardized 

 approach for all stroke studies, in monkeys and humans, would allow for better translation and comparison of 

 findings between various research labs and development of these computer models. The following section 

 presents a preliminary version of a simplified equation of stroke injury over time, to illustrate how 

 quantitative simulations of stroke pathogenesis and post-infarction outcomes may be created in future. 
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 8.4 Goal of making a biophysical model of stroke injury 

 Biophysical simulations have become increasingly popular (Hussain et al., 2015), and have been 

 instrumental for predicting outcomes from small-scale problems in biochemistry (i.e. Radford & Dobson, 

 1999; Padfeild et al., 2016), to large-scale ecological and neuroimaging questions (i.e. Ogawa et al., 1993). 

 One example is called ‘normative modeling’, in which clinical cohorts are characterized with respect to one 

 or more biological features (i.e. see Nunes et al., 2020). Developing simulations of patient in this manner 

 allows ‘benchmarking’ of presentations and probabilistic distribution of patient outcomes. 

 However, making a predictive simulation requires quantifiable patient data, and identifying 

 underlying equations and numerical values which reflect the natural phenomena of interest; referred to as 

 ‘parameter estimation’ in systems biology.  A goal of stroke research would be predictive equations for how 

 stroke injury progresses over time, developed from patient data through repeated measures studies. 

 Repeated measures of single patients are found in many areas of research, particularly in areas of healthcare, 

 and can uniquely identify structural dependencies of data, such as; (i) assessing at a particular time-point 

 only; (ii) calculating summary statistics, ignoring the temporal dependence; and (iii) using more complex 

 analyses to identify trends over time or change between time-points (Peters & Mengersen, 2008). 

 The following presents a preliminary equation of post-stroke infarction volume over time in NHPs, 

 based on the repeated measures data presented in this thesis  fitted to the Sharpe-Schoolfield equation. 

 Biophysical models such as the one presented provides an approximate framework for injury volume over 

 time, and can clarify the dependence and evolution of injury volumes to later outcomes. Specifically, the 

 following presents two examples in which data were fitted to this equation, being NHP post-MCAO 

 infarction volumes extracted from the litteraterary meta-analysis (chapter 5), and from post-MCAO 

 infarction volumes from experimental NHPs presented in this thesis (chapter 7). 
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 NHP and human infarction volumes generally follow a unimodal shape, which can be modified by 

 variation of the parameters of the underlying equation. Nonlinear regression is a mathematical function that 

 uses a generated line – typically a curve – to fit an equation to some data.  Simple linear regression relates 

 two variables (X and Y) with a straight line (y = mx + b), while nonlinear regression relates the two 

 variables in a nonlinear (curved) relationship. The sum of squared residuals is used to define how well the 

 data regression fits the equation, which is computed by calculating the difference between the mean and 

 every point of data to the model. Some of the advantages from non-linear regression include predictability, 

 parsimony, and interpretability. 

 To develop a model of this data, additional time points were added for  Time  = 0, with volume of 

 infarction at this time being zero  i.e. x=0, y=0, (as no infarction should be observed prior-to surgery). Using 

 a non-linear least squares regression, a simplistic curve per-individual was constructed from repeated 

 measures data. These kinds of horizontal asymptotic curves can be modeled with a variety of equations, sch 

 as those proposed by Flinn (1991), Weibull (1951), Briere (1999), Gaussian, Ratkowsky (1983), and 

 Sharpe-Schoolfield (1981; see Padfield et al., 2021 for review and methodology). Equations were evaluated 

 by Akaike information criterion (AIC); an estimator of prediction error. AIC estimates the quality of each 

 model, relative to each of the other models. Thus, AIC provides a means for model selection. 

 In testing these various equations, we found that the Sharpe-Schoolfield equation (SS) was most 

 efficacious, as shown by lowest AIC and sum residuals, and thus was used in developing a simplistic 

 predictive model (  Data not shown  ). 

 The Sharp-Schoolfield Equation: 
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 The SS equation is intended to model temperature-dependent enzymatic rates, however, this equation 

 has been re-purposed for other scientific questions, such as in biological growth rates under different 

 conditions (i.e. van der Have & de Jong, 1996; Gibert & De Jong, 2001). The properties of the SS equation 

 include a non-symmetric asymptotic curve,  with a numerator for exponential growth of the lesion, and a 

 denominator dictating exponential decline of the lesion. In this equation,  T  = time,  E  = constant increasing 

 lesion growth,  El  = constant decreasing lesion growth at early times,  Eh  = constant decreasing lesion growth 

 at late times,  Tl  = time of half deactivation at early times,  Th  = time of half deactivation at late times, and 

 tref  = a known time point (t0). Using the R package nls_multstart (Padfield et al., 2021), boundaries for each 

 parameter were set, and the best available model was chosen via lowest AIC score. As subjects had differing 

 maximum infarction, time to peak infarction (i.e.,  Th  ) or values of infarct growth or recovery (  E  ), 

 parameters are unique to each subject. Thinking back to section 2.9, modeling stroke histological pathology 

 in this manner could allow prediction of variability between different points in stroke pathogenesis. 

 8.4.1 Predictive Modeling of Infarction Time-series curves in NHP Data from Meta-Analysis 

 In the meta-analysis of Chapter 5, the majority of study designs lacked repeated measures, with 29 of 

 the 93 identified publications evaluating a single subject at more than one time point, and 13 publications 

 (14%) presenting data for more than 3 timepoints. In total, 393 NHPs had repeated measures data, with 108 

 having over 3 timepoints, including post-MCAO day three. For the 108 NHPs, these data allow 

 understanding the progression of ischemic injury over time, and were used to develop a longitudinal 

 nonlinear equation of infarct growth.  Results of these 108 NHPs fitted to the SS equation grouped by the 13 

 publications, are presented in Figure 80. In summary, this suggests that parametrization generally was well 

 clustered within publications, but appeared to differ greatly between publications. However, as discussed 

 previously, comparison of subjects across studies were found to be extremely heterogeneous, and these 

 results should be viewed with caution. 
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 8.4.1 Predictive Modeling of Infarction Time-series curves in NHP Data from Experimental Data 

 In section  8.4.2  , we introduced a non-linear multivariate equation which had low residual fit on 

 NHPs extracted from literature search. A similar approach to parameterizing subjects was applied to the 82 

 experimental subjects presented in Chapter 7 of this thesis. A benefit of this sample of NHPs post-MCAO is 

 that the similarity of the population is known, with better characterization of homogeneity regarding subject 

 demographics, and methods of outcome quantification. Of these 82 NHPs surviving to 30 days post-MCAO, 

 predicted curves of each individual were made, and subjects grouped by treatment group, with results shown 

 in Figure 81. Specifically, subjects were subset based on the study group, and whether they received a novel 

 therapeutic or placebo treatment. In summary, these results suggest that parametrization of post-MCAO 

 volumes of infarction estimated by MR imaging is possible. 

 A critical limitation of this current approach is that, even with over 100 subjects and 6 or more 

 timepoints,  attempting to fit an equation to these data is challenging. Specifically, in both attempts to 

 generate per-subject predictions and parameters of ischemic infarction volume over the 30 day time period, 

 fitting any equation to a single subject is difficult with so few observations, and results in large uncertainty. 

 Indeed, running this analysis in R required forcing the iterative function to reject warnings that the data was 

 being misused. The problem is that, though having six parameters allows for the best equation, the model is 

 overparameterized in comparison for the number of available observations. 

 Thus, though the AIC is relatively low for each subject, indicating a good fit to the observed data, the 

 confidence intervals of generated model parameters vary greatly. Though these experimental results present 

 a more homogeneous sample, heterogeneous parameters were still observed, again suggesting that these 

 results should be viewed with caution. 
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 FIGURE 80.  Non linear multivariate regression for 108 NHPs with repeated measures 

 A) Infarct curves of 108 NHPs, having repeated timepoints reported in the primary publication, fitted to the 

 modified SS model. Points indicate an NHP infarct measure at that time extracted from the literature, lines 

 indicate the lowest residual model of the SS equation mapped to that subject’s data. (Continued on next 

 page) 
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Category of Measurement

B)

Title
Frequency of Measurement Employed
Data Regression and Parameterization 
non-linear multivariate data fitting to Sharp-Schoolfeild equation
N = 108 NHPs (n    = 538)obs



 (continued from previous page)  B) Boxes indicate allocation of data as in Figure 50, but grouped by 

 publication. Subjects are coloured by the primary publication. Lower panels are grouped and coloured by 

 original publication, with each point representing the estimated constant for the related parameter of the SS 

 equation.  Figure by Harrison, 2022 
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 FIGURE 80.  Non linear multivariate regression and Parameter Estimates for 82 Experimental NHPs 

 Infarct curves of 82 NHPs, having repeated timepoints reported in the primary publication, fitted to the 

 modified SS model. Left: Points indicate raw data points extracted from the literature, lines indicate the 

 lowest residual model of the SS equation mapped to that subject’s data.  Subjects are coloured red or blue 

 based on allocation of treatment vs control groups. Boxes indicate allocation of data by project, and by 

 treatment or control. Right: Panels are grouped by parameter of the SS equation, x axis represents the 

 estimated parameter value, and the y axis is a count per NHP, with each point representing the per-subject 

 estimated constant for the related parameter of the SS equation. 

 Figure by Harrison, 2022 
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 8.3 Summary of Recommendations for Future Research 

 8.3.1 Standardized Experimental Designs 

 Researchers, commercial investors, and regulatory officials would benefit from guidance regarding 

 minimal statistical power required to demonstrate a positive treatment effect, and how to make these 

 determinations of positive causal relationships prior to starting a pre-clinical trial. 

 The most easily remedied outcome would be preventing insufficient rigor in experimental design. 

 Several issues likely cause this; much of which is a general problem of replication and reliability (Barch and 

 Yarkoni, 2013). Researchers must tame potential sources of bias with blinding and randomization. For 

 example, it was estimated that 64% of published studies fail to randomise treatment groups, and an 

 estimated 71% of published studies lacked experimental blinding (Lapchak, 2013). Based on work 

 illustrated in Chapter 3 of this thesis, a similar issue appears to exist in non-human primate models of stroke. 

 As mentioned in Chapter 5, reviews by O'Collins (2006) suggest that only a minor improvement in the 

 quality of publications occurred following STAIR preclinical recommendations. Worse, justifications of 

 power were present in 3% of published preclinical experiments (Lapchak, 2013). Thus, in absence of 

 sufficient incentive for researchers to improve methodological quality, it is likely that research groups will 

 continue to produce hundreds of publications of rodent stroke models yearly without clinical relevance. 

 Although some researchers adhere closely to the ethos of STAIR (Fisher et al., 2009) and 

 good-laboratory practice (Percie du Sert et al., 2020) guidelines, both of which emphasize improving 

 experimental methodology, such a trend is uncommon in the preclinical stroke community (Macleod et al., 

 2009). Indeed, several groups have overtly rejected STAIR recommendations; stating recommendations 

 relate to ‘an unproven hypothesis’ or are inapplicable (e.g., Jacobson et al., 2020). Such objections may 

 underlie the relatively small impact of recommendations regarding preclinical experimental design. 
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 8.3.2 Standardized Time to Treatment 

 Researchers should recognize that pretreatment of animals, or administration of treatments prior to 

 stroke is not a sufficient method, and instead should administer treatments at least one hours following 

 induction of ischemia. Experimental parameters and endpoints themselves require modification. Analysis 

 should account for the initial injury characteristics, for example by perfusion, diffusion or PET imaging, so 

 that adjustments for initial ischemic damage reduce possibility of false positives. We suggest strategies by 

 Cook et al., (2012) and Zhang et al., (2017) examples of good experimental design. 

 8.3.3 Standardized Sample Sizes 

 As noted by Jones et al., (2004), "Power and sample size estimations are used by researchers to 

 determine how many subjects are needed to answer the research question." This allows researchers to 

 determine a priori how many subjects are required to minimize type I and type II error (e.g., either reject a 

 null hypothesis that is actually true, or accept a null hypothesis that is actually false). It is likely that the 

 majority of preclinical trials lack statistical power required to observe treatment effects. Due to 

 comparatively small sample size in animal experiments, initial differences have the potential to skew 

 experimental results. Indeed, only 15 publications had greater than 20 individual measures of NHP 

 infarction over time. Notably large samples include Matsura et al., (2011), Bahjat et al., (2017), and Cook et 

 al., (2012). Of particular quality are studies by Cook et al., 2012, in which serial imaging allowed over 200 

 points for quantifying infarction over time (see also Cook, 2016). However, the number of animals per 

 experiential arm should be also considered. In support of standards proposed by O’Collins and colleagues 

 (2017), the minimum sample size should be 30 NHPs, or 15 animals in each treatment arm. 

 8.3.4 Standardized NHP Species 

 A more challenging scenario would be if the failure were attributable to a lack of resemblance in the 

 physiological processes of different species, perhaps due to scaling and vascular dissimilarities. Smaller 
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 brains have different patterns of fluid and heat transport, and network connectivity: the importance of these 

 factors has not yet been fully evaluated. Qualitatively different types of tissue might also be destroyed in 

 brains of a different scale. For instance, the hypothalamus is commonly damaged in longer occlusions using 

 the suture model in rodents (Li et al., 1999). This may result in disturbances in temperature homeostasis, 

 osmotic regulation, and the hypothalamic–pituitary axis stress response. Thus, we propose that future 

 investigations of NHP MCAO rely on larger species, such as the Cynomolgus or Rhesus Macaque. The 

 more traditionally employed Baboon is likely another optimal species, but has been critiqued as having 

 greater difficulties for inducing MCA ischemia, and greater difficulties in temperament and husbandry. 

 8.3.5 Standardized MCAO surgical success & Mortality Reporting 

 We suggest that there should be a mandate for studies to present data on mortality and exclusion of 

 animals, as this may lend inference to the skill of the research group, prevent survivorship bias in results, 

 and identify whether interventions provide benefit to both morbidity and mortality. For example, if mortality 

 rate is omitted, a substance that kills animals with large infarcts may seem to decrease infarct sizes, since 

 only the animals with small infarcts will survive in the treatment group. 

 8.3.6 Standardized  MCAO induction Method and Ischemic Duration 

 We propose the optimal MCAO technique should not employ clot occlusion. Though more reflective 

 of patient populations, such methods are known to have varying durations of ischemia, and thus introduce 

 possibility for additional variation of the initial ischemic injury. Optimally, occlusion methods should avoid 

 metal instruments to facilitate neuroimaging. The locus of occlusion should occur from the M1 to M2 

 segment, specifically before the orbitofrontal branch of the MCA. The rationale for this recommendation is 

 that, though it may increase the possibility of collateral flow and thus between subject heterogeneity, such a 

 locus provides a consistent landmark and large penumbra to investigate treatment effects. We recommend 

 that a craniectomy be performed, meaning that the skull is not closed. Preferably, the cranial defect being 
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 approximately 12cm  2  . The rationale being to standardize methods across studies, and reduce post-stroke 

 mortality. MCAO models should have a minimum of 90–120 min of ischemia (Durukan and Tatlisumak, 

 2007). We agree with this recommendation, and suggest continued employment of transient models, so that 

 effects and variability of reperfusion following ischemia may be better evaluated. 

 8.3.7 Standardized post-MCAO time-points and methods of measurement 

 Infarct size should be measured at hyper acute, acute, and chronic time-points. This would be 

 equivalent to at least 60 minutes, 48 hours, and 30 days post-MCAO. In this review, in the few studies, 

 which measured pretreatment stroke size, baseline infarction was stated to generally explain a large portion 

 of the variance in outcome. However, little direct evidence was presented. Characterization of pretreatment 

 stroke size and use of outcome measures which reflect pretreatment stroke size—such as infarct 

 growth—may reduce the possibility for this bias, and provide a point of clinical translation. Additionally, It 

 seems logical that outcomes combining volume and measures of damaged tissue function will ultimately be 

 required. Assessment and interpretation of animal behavior presents additional challenges in developing 

 stroke models. Nevertheless, it is recommended that preclinical studies use both functional and histological 

 outcomes. Video recordings of animals, and simple behavioral assessments such as the NHPSS, should be 

 employed. 

 8.3.8 Standardized Infarct Size Reporting and Calculation 

 Infarct size can be reported as an absolute volume, relative to a hemisphere, and relative to total brain 

 volume. Too, some research groups apply a ‘correction’ for post-MCAO edema. We suggest that future 

 researchers present individual subjects as absolute volume of injury, and volume of injury relative to total 

 brain volume, both without correction for edema. See Figures 82,83 for examples of how various 

 calculations can bias results. One example of an optimal reporting of infarction volumes is seen in the 

 manuscript by Yeo et al., (2019). 
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 FIGURE 82.  Example of Effect for Various infarction Calculations 

 Upper;  T2w images at baseline, MCAO, 48h, 30d in example NHP 69696 , with ROIs of abnormal tissue 
 signal, discussed in Figure 68, calculated and colourized (colours inverted for ease of viewing). Lower; 
 using the summated number of voxels in each ROI, various methods for calculating infarct lesion volume 
 result in quite different apparent lesion volumes. See Figure 83 for additional information, with this subject 
 being #47.  Figure by Harrison, 2022 
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 FIGURE 83.  Overall Effects for Various infarction Calculations 

 Chart illustrating effect of various methods of infarction volume calculation, identified in Figure 82,  across 
 57 example NHPs. Each point on the X axis represents a single NHP, while the Y axis represents the 
 estimated volume of infarction. Specifically, data represent calculated lesion volumes at 30d across five 
 different example calculations common in the litterature. Tradelines for each of the differing equations are 
 fitted across the population, with equations appearing to diverge at larger lesion volumes, and some 
 equations create the appearance of greater homogeneity. For example, calculations which only examine 
 ipsilateral injuries would neglect contralateral injuries, and underestimate total injury volume.  Figure by 
 Harrison, 2022 
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 8.3.9 Standardized Reporting of Group Effects 

 Another challenge is how comparative effects are reported. For example, a reduction of infarct 

 volume may be presented as the difference between control  versus  treatment, difference in treatment divided 

 by control, or control divided by treatment. For example, an infarct volume in a control population may 

 average 10% in controls, and 8% in the treatment group; should this be articulated as a a 2% treatment effect 

 (10% - 8%), a 20% treatment effect (10% - 8% / 10%) , or a 125% relative difference (10% / 8%)., 

 Reports of relative treatment effects could easily cause bias due to apparently larger effects, 

 particularly in smaller lesion volumes For example, assuming results are presented as difference in treatment 

 divided by control, a 50% reduction of in mean infarct volume would result from NHP mean infarct 

 decreasing from 4% to 2%, but also from a 40% mean in controls to 20% in treatment groups. 

 Understandably, greater total reduction of injury, rather than relative reductions would be more clinically 

 relevant, but may be less impactful. An alternative, and preferred option would be for researchers to submit 

 raw data, such as neuroimaging. By sharing raw imaging data (known as DICOMs), this would bolster 

 direct comparison across studies, and is becoming common practice in clinical research for other 

 neurological injuries, such as Multiple sclerosis (e.g., https://www.nitrc.org/projects/longitudinal_ms/). 

 8.3.9 Standardized Behavioural measurement 

 Unfortunately, review of the literature showed no consensus exists in the literature regarding 

 ‘appropriate test(s)’ in NHP models of stroke, nor general methodology. Too, it appears that no one test has 

 stood out as superior to others. This is true for choice of methods in neuroimaging, histology, evaluation of 

 behaviour, and even animal species used. A  lack of consensus exists regarding which measures of functional 

 outcome to use, but desire to meet approval requirements have resulted in an overabundance of proposed 

 methodologies.  Often, publications investigating a novel therapeutic will create their own novel behavioural 
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 measure, or manipulate an existing behavioural measure. Thus, publications often lack documented 

 evaluations for: sensitivity; specificity; validity (convergent / discriminant, construct, content, face, 

 concurrent, criterion, and predictive  (van der Worp et al., 2010  ;  Sena et al., 2010  ); or reliability (interrater, 

 test-retest, intermethod, internal consistency, external consistency  (i.e., Steward et al., 2012  ;  Landis et al., 

 2014  ; Walton,et al., 2015; Boltze et al., 2016; Schaar et al., 2010  )  . 

 Though it can be argued that the variety of behavioural and histological evaluation methods reflect 

 the experimental complexity of NHPs, and are suited to multiple disease models  , failures may also result 

 from low-quality evaluations of a given therapeutic.  Lack of consensus regarding which outcome measures, 

 and related methods, to use in evaluating treatments likely prevents accurate evaluation of novel treatments, 

 understanding of effect sizes, and relative efficacy across investigations 

 In future, a quantitative method for measuring motor, sensory and cognitive outcomes would be ideal 

 in future versions of this model. One tool that has been designed to evaluate sensorimotor and cognitive 

 measures in humans and NHPs is the robotic exoskeleton KINARM (BKIN technologies, Kingston, 

 Ontario) that includes virtual reality based tasks that provide quantitative measures in each area of the 

 neurological exam. (Scott & Dukelow, 2011), with preliminary work on the implementation and results of 

 this robotic scoring system post-MCAO in macaques described by Oleveski (2016), Poole (2018), and Chen 

 (2021). 
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 8.3 Summary; Developing and Disseminating a Common System for Preclinical Data 

 A key strength of animal models is the opportunity to tightly control variables by using specific 

 animal strains under controlled physiologic conditions.  However, results are stronger if methods are 

 standardized, and a common system of reporting results is required for preclinical studies to have success. 

 Accurate estimates of neuroprotective efficacy would likely be afforded through common experimental 

 designs, and reporting procedures. This is now the focus of the Collaborative Approach to Meta-Analysis and 

 Review of Animal Data in Experimental Stroke (CAMARADES) group (see 

 https://camarades.shinyapps.io/meta- analysis-app/  for a preliminary open-source tool). However, at present, 

 these scientist-lead efforts lack standardization for methodology. Prior to common open-source statistical 

 tools, we suggest the following; 1) ensure trials are free from bias by experimental blinding, 2) establish the 

 severity of ischemic injury prior-to treatment, 3) have minimum sample size of 30 animals, 4) utilize adult 

 Macaque species of both genders, 5) report injury volumes for all animals, regardless of surgical success or 

 mortality, 6) that ischemia should be at least 90min in duration, with occlusion at the M1 location, preferably 

 by craniectomy, 7) that measures of injury should occur within an hour is ischemia, 2-4 days post injury, and 

 at 30 days post-injury, 8) A behavioral assessment, such as the NHPSS, should be used, 9) Researchers 

 should share results of neuroimaging and/or histology for all subjects, to prevent reporting errors, and 10) a 

 common point to share these data should be established, such as the CAMARADES group. Standardizing 

 techniques, through use of these recommendations, will allow researchers to elucidate the determinants of 

 efficacy in animal models of stroke. 

 Research groups are attempting to generate virtual patient populations, in which variation of clot 

 placement, can be modeled (see In Silico clinical Trials for acute Ischemic Stroke  INSIST). Developing such 

 a model requires robust data, which can be provided through high quality reporting of animal models, and 

 thus can support drug development to aid stroke patients. 
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 APPENDIX: 

 Apx 1: Summary and Literature Review of potential biomarkers for stroke (see section 1.8.3) 

 Study  Collection 
 Type 

 Methodology  stroke  Sensitivity  Specificity 

 An (2013)  Plasma  ELISA  < 24h  -  - 

 Aurell et al., (1991)  CSF  < 24h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Foerch (2007)  Serum  DIASORIN  < 6h  46%  82% 

 Glickman (2011)  Serum  Assay  < 24h  -  - 

 Gonzalez-Garda (2012)  Serum  Immunoassay  < 24h  55%  86% 

 Gonzalez-Garda (2012)  Serum  Immunoassay  < 24h  55%  64% 

 Kavalci (2011)  Serum  Stroke Triage Panel'  < 24h  13. 80%  98. 60% 

 Kazmierski(2012)  Serum  ELISA  <6 h  92. 90%  48. 10% 

 Kim (2010)  Plasma  Stroke Triage Panel'  < 6 h  50%  50% 

 Kim (2010)  Plasma  Stroke Triage Panel'  < 6 h  50%  50% 

 Kim (2010)  Plasma  Stroke Triage Panel'  < 6 h  50%  50% 

 Knauer (2012)  Serum  Stroke Triage Panel'  <6 h  -  - 

 Laskowitz (2009)  Serum  Triage stroke panel  < 12 h  50%  50% 

 Laskowitz (2009)  Serum  Triage stroke panel  < 12 h  50%  50% 

 Montaner (2011)  Plasma  Sandwich ELISA  < 24h  -  - 

 Montaner (2012)  Plasma  ELISA  < 24h  22. 7%  80. 20% 

 Onatsu etal (2019)  Serum  SIMOA  < 24h  64%  70% 

 Rainer (2007)  Serum  qRT· PCR, ELISA  < 24h  47%  81% 

 Sharma (2014)  Serum  ELISA  < 24h  77%  85% 

 Sharma (2014)  Serum  ELISA  < 24h  90%  84% 

 Snaller (2013)  Serum  ELISA  < 24h  -  - 

 Unden (2009)  Serum  ELISA  < 24h  -  - 

 Vanni (2011)  Plasma  Triage stroke panel  < 24h  70% *  80% * 

 Zhou (2016)  Plasma  Electrochemiluminometri 
 c 

 < 6 h  95. 70%  70. 4% 

 S100 

 Study  Collection 
 Type 

 Methodology  stroke  Sensitivity  Specificity 
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 An (2013)  Plasma  ELISA  < 24h  -  - 

 Basic (2008)  Serum  Immunoassay  < 12h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Licata (2009)  Plasma  ELISA  < 12 h  -  - 

 Mazzotta (2004)  Plasma  ELISA  < 24h  -  - 

 Perini (2001)  Plasma  ELISA  < 12 h  -  - 

 Sharma (2014)  Serum  ELISA  < 24h  -  - 

 Tuttolomondo (2009)  Plasma  ELISA  < 12 h  -  - 

 Waje-Andreassen (2005)  Plasma  ELISA  < 24h  -  - 

 IL-6 

 Study  Collection  Methodology  stroke  Sensitivity  Specificity 

 De Marchis (2018)  Serum  Electrochemiluminom 
 etric 

 < 12h  -  - 

 Hjalmarsson (2014)  CSF  ELISA  5-10 days 

 Onatsu etal (2019)  Serum  SIMOA  < 24h  73%  80% 

 Pujol-Calderon (2019)  CSF  ELISA  < 24h  -  - 

 Pujol-Calderon (2019)  Serum  ELISA  < 24h  -  - 

 Snaller (2013)  Serum  ELISA  < 24h  -  - 

 Uphaus (2019)  Serum  SIMOA  < 24h  -  - 

 NFL 

 An (2013)  Plasma  ELISA  < 24h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Gonzalez-Garda (2012)  Serum  Immunoassay  < 24h  53%  79% 

 Gonzalez-Garda (2012)  Serum  Immunoassay  < 24h  53%  64% 

 Kazmierski(2012)  Serum  ELISA  <6 h  23. 5%  94. 8% 

 Onatsu etal (2019)  Serum  SIMOA  < 24h  88%  55% 

 Unden (2009)  Serum  ELISA  < 24h  -  - 

 NSE 

 Study  Collection 
 Type 

 Methodology  stroke  Sensitivity  Specificity 

 Sibon (2009)  Plasma  Triage stroke panel  -  92. 9%  23. 8% 

 An (2013)  Plasma  ELISA  < 24h  -  - 
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 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Bustamante (2017)  Plasma  ELISA  < 6 h  -  - 

 Castellanos (2003)  Plasma  ELISA  < 24h  87%  90% 

 Castellanos (2004)  Plasma  ELISA  < 6h  81%  88% 

 Castellanos(2007)  Serum  ELISA  < 3h  75%  75% 

 Demir (2012)  Plasma  ELISA  < 24h  95%  63% 

 Glickman (2011)  Serum  Assay  < 24h  -  - 

 Kavalci (2011)  Serum  Stroke Triage Panel'  < 24h  65. 50%  66. 20% 

 Kazmierski(2012)  Serum  ELISA  <6 h  68. 70%  45. 30% 

 Kelly (2008)  Plasma  ELISA  <6 h  60%  67. 00% 

 Kim (2010)  Plasma  Stroke Triage Panel'  < 6 h  45%  60% 

 Kim (2010)  Plasma  Stroke Triage Panel'  < 6 h  80%  30% 

 Kim (2010)  Plasma  Stroke Triage Panel'  < 6 h  45%  60% 

 Knauer (2012)  Serum  Stroke Triage Panel'  <6 h  -  - 

 Laskowitz (2009)  Serum  Triage stroke panel  < 12 h  60%  60% 

 Laskowitz (2009)  Serum  Triage stroke panel  < 12 h  45%  60% 

 Montaner (2001)  Plasma  ELISA  < 12 h  80%  79. 20% 

 Montaner (2003)  Plasma  ELISA  < 6 h  100%  78% 

 Montaner (2011)  Plasma  Sandwich ELISA  < 24h  65%  65% 

 Montaner (2012)  Plasma  ELISA  < 24h  22. 7%  80. 20% 

 Ning (2006)  Plasma  ELISA  < 12 h  -  - 

 Sharma (2014)  Serum  ELISA  < 24h  -  - 

 Vanni (2011)  Plasma  Triage stroke panel  < 24h  70% *  80% * 

 Walsh (2016)  Plasma  Multiplex, ELISA  < 12 h  -  - 

 MMP-9 

 Study  Collection 
 Type 

 Methodology  stroke  Sensitivity  Specificity 

 Hjalmarsson (2014)  CSF  ELISA  5-10 days 

 Strand (1984)  CSF  Immunoassay  < 24h  -  - 

 Strand (1984)  CSF  Immunoassay  < 24h  -  - 

 Strand (1984)  CSF  Immunoassay  < 24h  -  - 

 MBP 
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 Study  Collection Type  Methodology  stroke  Sensitivity  Specificity 

 An (2013)  Plasma  ELISA  < 24h  -  - 

 Aurell et al., (1991)  CSF  < 24h  -  - 

 Dvorak (2009)  Serum  ELISA  < 24h  67. 00%  87% 

 Foerch (2006)  Serum  "Elecsys"  < 12 h  79%  98% 

 Foerch (2012)  Plasma  Electro 
 Chemiluminometric 

 Immunoassay 

 < 6 h  84. 2%  96. 3% 

 Hjalmarsson (2014)  CSF  ELISA  5-10 days 

 Katsanos (2017)  Plasma  ELISA  < 6 h  91%  97% 

 Katsanos (2017)  Plasma  ELISA  < 6 h  91%  97% 

 Katsanos (2017)  Plasma  ELISA  < 6 h  91%  97% 

 Llombart (2016)  Plasma  ELISA  < 6 h  32%  100% 

 Luger (2017)  Serum  Electrochemiluminometr 
 ic 

 < 6 h  77. 50%  94. 2% 

 Ren (2016)  Serum  Sandwich ELISA  < 6 h  61%  96% 

 Rozanski (2017)  Plasma  ELISA  < 6 h  36%  100% 

 Snaller (2013)  Serum  ELISA  < 24h  -  - 

 Unden (2009)  Serum  ELISA  < 24h  79%  64% 

 Xiong (2015)  Plasma  ELISA  < 6 h  86%  76. 9% 

 GFAP 

 Study  Collection 
 Type 

 Methodology  stroke  Sensitivity  Specificity 

 Hjalmarsson (2014)  CSF  ELISA  5-10 days 

 Lasek-Bal (2016)  Serum 

 Onatsu etal (2019)  Serum  SIMOA  < 24h  63%  75% 

 Strand (1984)  CSF  Immunoassay  < 24h  -  - 

 Strand (1984)  CSF  Immunoassay  < 24h  -  - 

 Strand (1984)  CSF  Immunoassay  < 24h  -  - 

 Tau 
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 Apx 2: Summary of data from Literature Review of infarction volumes in NHP models of stroke (Chapter 5) 

 Overview of the 93 publications and related data of the metanalysis;  included publications, and percent 

 infarction volumes over time, coloured by species employed. 
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 (continued) 

 Lines indicate average trends, with no lines indicating that there were insufficient points of measurement 

 over time. Colors indicate species of NHP used in the publication. 
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