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Abstract

Intracerebral hemorrhage (ICH), a devastating stroke caused by the rupture of
vasculature in the brain, is responsible for <20% of all strokes, yet accounts for a
disproportionately high burden of stroke related death and disability. The formation
and degradation of the hematoma (blood clot) injures the brain through mechanisms of
both immediate mechanical damage (primary injury) and delayed cellular damage
(secondary injury). Clinical trials have yet to identify treatments that can reliably lessen
injury and impairment after ICH; as such, treatment for hemorrhagic stroke remains
limited to medical management and rehabilitation. Although rehabilitation is an
essential component of post-stroke care, understanding of the optimal type, timing, and
dosage of rehabilitation after stroke is limited.

Preclinical (animal) models are frequently used to explore underlying
mechanisms of injury and recovery after stroke, often with the goal of translating
research findings to clinical practice. However, no single experimental model fully
mimics the pathophysiology of human stroke, or the heterogeneity of location, stroke
subtype, impairment, and comorbidities observed in the clinical population. Despite
differing mechanisms of injury and patterns of recovery between ischemic and
hemorrhagic stroke, most translational stroke research is conducted in experimental
models of ischemia. As a result, much of our understanding of recovery after ICH is
grounded in the assumption that the spatial and temporal dynamics of injury and
recovery after ischemic and hemorrhagic stroke are similar, despite mounting evidence
suggesting this is not entirely true. In this thesis I studied how modifiable treatment

parameters such as intensity and timing of rehabilitation onset influence recovery in
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preclinical models of striatal ICH and focus on how to improve future preclinical
rehabilitation studies to advance translational success.

I first investigated whether early, intense enriched rehabilitation (ER) accelerated
hematoma clearance and improved neurological and behavioural outcomes in the sub-
acute (experiment 1) and chronic (experiment 2) phases of recovery after experimental
striatal ICH in rats (Chapter 2). I hypothesized that ER initiated 5 days after ICH would
provide enhanced behavioural benefit and accelerate hematoma clearance at 14 days
after ICH; furthermore, increasing treatment duration (from 10 to 20 days) would
confer greater behavioural and neurological benefit when measured 30 and 60 days
after ICH, respectively. Contrary to both the hypothesis and previous findings, I did not
detect a significant difference in hematoma clearance, recovery in skilled reaching, or
volume of tissue loss compared to untreated controls.

Owing to the difficulties in extending previous findings of rehabilitation
accelerated hematoma clearance, I next sought to characterize the overall efficacy of
rehabilitation therapies on motor recovery in translational models of ICH through the
use of meta-analysis (Chapter 3). Rehabilitation provided modest benefits to motor
recovery after ICH, however efficacy varied by treatment type and functional endpoint.
In alignment with clinical findings, rehabilitation was most effective in animals with
mild-moderate severity ICH. Interestingly, I found a complex relationship between
intervention type and timing of treatment onset <7 days after ICH, with interventions
initiated between 48 hours-5 days after ICH providing no significant benefit. These
results differ from those reported in a similar meta-analysis of rehabilitation in
translational models of ischemic stroke, suggesting that response to rehabilitation may

vary by stroke subtype. Finally, to address the varied quality in reporting and
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experimental design found in the reviewed literature, I developed a roadmap for
researchers to follow to improve the quality of future translational rehabilitation
research.

Noting that the generalizability of translational research is likely reliant on
whether experimental models reflect the pathophysiology and variability in recovery
observed in clinical populations, I conducted a retrospective, exploratory post-hoc
analysis to assess if proportional recovery occurs in preclinical models of subcortical
ICH and whether any biomarkers predict recovery (Chapter 4). I found that
proportional recovery does exist after experimental striatal ICH, but to a much lesser
extent than reported elsewhere (30% vs. ~70%). Interestingly, differences in recovery
after striatal ICH could not be linked to proposed biomarkers of lesion severity, internal
capsule damage, or initial impairment.

In this thesis I provide a comprehensive analysis of the efficacy of rehabilitation
in translational models of ICH and discuss the complexity of evaluating how modifiable
treatment parameters such as timing, intensity, and dose influence treatment efficacy.
This work provides evidence for a complex relationship between intervention onset and
treatment efficacy after ICH that is likely influenced by treatment type and/or intensity.
Furthermore, it suggests that recovery and response to rehabilitation seemingly differ by
stroke subtype. Together, these findings provide justification for future research that
systematically manipulates intervention parameters and directly compares how

recovery and response to treatment differ between ICH and ischemia.

v



Preface

This thesis is an original work by Britt A. Fedor. Experiments were granted
research ethics approval by the University of Alberta Biosciences Animal Care and Use
Committee under Animal Use Protocol #960 “Rodent Stroke Studies.”

Chapter 2 of this thesis has been published as B. Fedor, A. Kalisvaart, S. Ralhan,
T. Kung, M. MacLaren, & F. Colbourne, “Early, Intense Rehabilitation Fails to Improve
Outcome After Intra-Striatal Hemorrhage in Rats” in Neurorehabilitation and Neural
Repair (2022), volume 36, issue 12. B. Fedor was responsible for experimental design,
data collection, data analysis, and manuscript writing. A. Kalisvaart, S. Ralhan, T. Kung,
and M. MacLaren were involved in data collection and manuscript editing. F. Colbourne
was the supervisory author and assisted with experimental design, data analysis, and
manuscript writing.

Chapter 3 and Appendix A of this thesis have been published as B. Fedor, N.
Sander, M., MacLaren, L. Liddle, C. MacLellan, & F. Colbourne, “Motor rehabilitation
provides modest functional benefits after intracerebral hemorrhage: a systematic review
and meta-analysis of translational rehabilitation studies” in Translational Stroke
Research (2023). B. Fedor was responsible for study conceptualization, search strategy
development, literature search and screening, data extraction, quality and risk of bias
assessments, data analysis, manuscript writing, and figure creation. N. Sander was
involved in data extraction, quality and risk of bias assessments, and manuscript
editing. M. MacLaren was involved in literature screening, data extraction, and
manuscript editing. L. Liddle contributed statistical expertise, expert review, and

manuscript editing. C. MacLellan contributed to study conceptualization, expert review,



and manuscript editing. F. Colbourne was the supervisory author and assisted with

study conceptualization, literature screening, and manuscript writing.



Dedication

This thesis is dedicated to Hope Fedor, Mavis Stanton, and Dr. Robert Mulcahy who
were all endlessly proud I was doing this work ... and never failed to ask, “but how are

the rats?”

vii



Acknowledgements

I would like to thank my supervisory committee, Fred Colbourne, Karim Fouad,
and Ian Winship for their support and guidance throughout the years. Ian — thank-you
for giving me the opportunity to work in your lab early on in my studies. Karim — thank-
you for your encouragement when I was at my most discouraged, and for the reminder
that being a good scientist is about more than just learning cool techniques. Fred —
thank-you for supervising my work, teaching me the difference between good science
and great science, and imparting in me the wisdom that great science takes time.

Thank-you to the Faculty of Medicine and Dentistry for providing funding
through the David Lawson Award, an endowed studentship for basic science.

To the lab members past and present who were a source of knowledge, support,
motivation, and camaraderie during the courses of my studies, thank-you. A special
thank-you to Anna, Shivani, and Tiffany who helped conduct behaviour training during
the early rehabilitation studies — without you I would have certainly lost my mind. To
Dr. Cassandra Wilkinson — thank-you for teaching me most of the things I learned in the
lab and for keeping me sane while we studied for candidacy and taught our first
university course... all during a pandemic.

Thank-you to the people and things (ski pals, cycling, Taylor Swift’s ever-
expanding discography...) that kept me going when I was a hermit in a dark room full of
rats or tucked away for weeks on end at my computer. Mike, Nate, Saylish, and Andy —
thank-you for giving me a place to escape from the stresses of grad school. To my friends
(Andrea, Shay, Maron, Grainne, and Syna), family (Dennis, Mary-Jane, Chris, and
Andrei), and partner (Dave) — I am eternally grateful for your unwavering support and

encouragement throughout this wild ride.

viii



Table of Contents

Abstract ii
Preface v
Dedication vii
Acknowledgements viii
Table of Contents ix
List of Tables Xiv
List of Figures XV
List of Abbreviations and Acronyms xvi
Chapter 1 | Introduction 1
1.1 An Introduction to Stroke 2
1.1.1 Hemorrhagic Stroke 3
1.1.2 Ischemic Stroke 4
1.2 Risk Factors 6
1.2.1 Non-modifiable Risk Factors 7
1.2.2 Modifiable Risk Factors 8
1.2.3 Other Risk Factors 10
1.3 Clinical Presentation & Management 10
1.3.1 Clinical Presentation 10
1.3.2 Acute Clinical Management 11
1.3.3 Long-Term Clinical Management 12
1.4 Recovery After Stroke 13
1.4.1 Prognosis & Factors Influencing Recovery 13
1.4.2 Measuring Recovery 14
1.4.3 Typical Course of Recovery 17
1.4.4 Proportional Recovery & Predictors of Recovery 19

1.5 Preclinical Models of Stroke 20

1b:¢



1.5.1 The Collagenase Model 21

1.5.2 The Autologous Whole Blood Model 22
1.5.3 Considerations for Model Selection 22
1.6 Mechanisms of Injury 24
1.6.1 Primary Injury 25
1.6.2 Secondary Injury 26
1.7 Neural Repair After Stroke 32
1.7.1 Hematoma Clearance 33
1.7.2 Neuroplasticity 39
1.8 Rehabilitation 46
1.8.1 Clinical Rehabilitation Delivery 47
1.8.2 Critical factors 48
1.8.3 Translational Models of Rehabilitation After ICH 51
1.9 Considerations for Translational Research 58
1.9.1 Experimental Design & Quality Considerations 58
1.9.2 Systemic Considerations 62
1.9.3 Considerations for ICH & Neurorehabilitation Research 63
1.10 Thesis Objectives 66
1.11 References 69

Chapter 2 | Early, intense rehabilitation fails to improve outcome after

intra-striatal hemorrhage in rats 93
2.1 Introduction 94
2.2 Methods 97

2.2.1 Animals 97
2.2.2 Skilled Reach Training & Montoya Staircase Test 100
2.2.3 Beam Walking Task 100
2.2.4 Ladder Walking Task 101
2.2.5 Surgery 101
2.2.6 Enriched Rehabilitation & Training Intensity 102



2.2.7 Hematoma Volume Assay 103

2.2.8 Total Tissue Loss & White Matter Quantification 103
2.2.9 Statistical Analysis 104
2.3 Results 105
2.3.1 Mortality & Exclusions 105
2.3.2 Experiment 1 106
2.3.3 Experiment 2 112
2.3.4 Post-Hoc Pooled Analysis 113
2.4 Discussion 114
2.5 Conclusion 118
2.6 References 119

Chapter 3 | Motor rehabilitation provides modest functional benefits after

intracerebral hemorrhage: a systematic review and meta-analysis of

translational rehabilitation studies 125
3.1 Introduction 126
3.2 Methods 129

3.2.1 Search Strategy 130
3.2.2 Inclusion and Exclusion Criteria 131
3.2.3 Data Extraction 131
3.2.4 Study Quality and Risk of Bias 134
3.2.5 Statistical Analysis 134
3.3 Results 135
3.3.1 Descriptive Characteristics 136
3.3.2 Study Quality 151
3.3.3 Risk of Bias 151
3.3.4 Efficacy of Rehabilitation on Skilled Reaching 153

3.3.5 Efficacy of Rehabilitation on Spontaneous Use of the Impaired Forelimb 156

3.3.6 Efficacy of Rehabilitation on Locomotor Function 157

X1



3.3.7 Efficacy of Rehabilitation on Beam Walking and Composite Neurobehavioural

Test Scores 160
3.3.8 Impact of the Timing of Rehabilitation Onset on Efficacy 160
3.3.9 Impact of Stroke Severity on Efficacy 164
3.3.10 Impact of Rehabilitation Dose by Treatment Type 164
3.4 Discussion 165
3.5 Conclusion 175
3.6 References 176

Chapter 4 | An exploratory analysis of predictors of motor recovery after

preclinical intracerebral hemorrhage 185
4.1 Introduction 186
4.2 Methods 190

4.2.1 Dataset 190
4.2.2 Internal Capsule Damage 191
4.2.3 Statistical Analysis 191
4.3 Results 194
4.3.1 Identification of Recovery Clusters 194
4.3.2 Characteristics of Recovery Groups in 3-Cluster Model 196
4.3.3 Characteristics of Recovery Groups in 4-Cluster Model 200
4.3.4 Exploring Proportional Recovery 203
4.3.5 Predictors of Recovery 205
4.4 Discussion 206
4.5 Conclusion 213
4.6 References 214

Chapter 5 | General Discussion 220

5.1. Summary of Findings 221
5.1.1 Early, Intense Rehabilitation after ICH 221

5.1.2 Exploring Rehabilitation Efficacy in Translational Models of ICH 224

xii



5.1.3 Predicting Recovery 226

5.2 Limitations 227
5.3 Future Directions 234
5.4 Conclusion 238
5.5 References 241
Bibliography 250
Appendix A | Supplement to Chapter 3 304

Appendix B | Supplement to Chapter 4 341

xiii



List of Tables

Table 1-1 Common Preclinical Rehabilitation Therapies Used in ICH Research 52
Table 2-1 Group sizes, exclusions, and endpoints analyzed 98
Table 3-1 Search Term Keywords 129
Table 3-2 Inclusion and Exclusion Criteria for Abstract and Full-Text Screening 130

Table 3-3 Standardized Terminology and Definitions for Preclinical Rehabilitation

Interventions 133
Table 3-4 Descriptive Characteristics of Rehabilitation Interventions 140
Table 3-5 Commonly Observed Errors in Preclinical ICH Rehabilitation Literature 153

Table 3-6 Roadmap to Improving the Quality of Preclinical Rehabilitation Research 173

Table 4-1 Characteristics of recovery of impairment (R%) in recovery models 194
Table 4-2 Descriptive statistics of 3-cluster model of recovery groupings 199
Table 4-3 Descriptive statistics of 4-cluster model of recovery groupings 202
Table 4-4 Multiple linear regression statistics for predicting APellets 206

Xiv



List of Figures

Figure 1-1 6
Figure 1-2 32
Figure 2-1 99
Figure 2-2 107
Figure 2-3 110
Figure 2-4 111
Figure 2-5 114
Figure 3-1 137
Figure 3-2 139
Figure 3-3 155
Figure 3-4 157
Figure 3-5 159
Figure 3-6 161
Figure 3-7 162
Figure 3-8 163
Figure 4-1 195
Figure 4-2 197
Figure 4-3 198
Figure 4-4 201
Figure 4-5 203
Figure 4-6 204



List of Abbreviations and Acronyms

ADLs
AE
AMPA
ANOVA
AT
ATP
AQP
AWB
BBB
BDNF
BI

BP
CAA
CI
CIMT
CNS
COL
CSPGs
CST
CT
DALYs
DAMPs
DFX
EE

ER
ET-1
EX

FA
FGF
FLU

activities of daily living

aerobic exercise
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
analysis of variance

acrobatic training

adenosine triphosphate

aquaporin

autologous whole blood model of ICH
blood-brain barrier

brain-derived neurotrophic factor
Barthel Index

blood pressure

cerebral amyloid angiopathy
confidence interval
constraint-induced movement therapy
central nervous system

collagenase model of ICH

chondroitin sulfate proteoglycans
corticospinal tract

computerized tomography

disability adjusted life years

damage associated molecular patterns
deferoxamine

environmental enrichment

enriched rehabilitation

endothelin-1 model of ischemia
exercise

fractional anisotropy

fibroblast growth factor

forced limb use



FM Fugl-Meyer assessment

GAP-43 growth associated protein 43

GCS Glasgow coma scale

GFAP glial fibrillary acidic protein

Hb hemoglobin

HO-1 heme-oxygenase 1

Hp haptoglobin

HR hazard ratio

Hpx hemopexin

ICH intracerebral hemorrhage

ICP intracranial pressure

IL interleukin

iNOS inducible nitrous oxide synthase

IVH intraventricular hemorrhage

IQR interquartile range

LTD long-term depression

LTP long-term potentiation

MCAo middle cerebral artery occlusion model of ischemia
MCID minimum clinically important difference
MD mean difference

MDS motor deficit score

MEP motor evoked potential

MMP matrix metalloproteinase

mNSS modified neurological severity score
MRI magnetic resonance imaging

mRS modified Rankin Scale

NDS neurological deficit score

NGF nerve growth factor

NIHSS National Institute of Health Stroke Score
NMDA N-methyl-D-aspartate receptor

Nrf-2 nuclear factor erythroid 2-related factor 2
NF-xB nuclear factor-xB

xvil



PHZ perihematoma zone

PPAR-y peroxisome proliferator-activated receptor y
RBC red blood cell

REACH skilled reach training

ROS reactive oxygen species

SAH subarachnoid hemorrhage

SD standard deviation

SHR spontaneously hypertensive rat
SMD standardized mean difference
SVZ subventricular zone

TGF-B transforming growth factor

TLR toll-like receptor

TNF-a tumor necrosis factor-a

tPA tissue plasminogen activator

Trk tropomyosin-related kinase
VEGF vascular endothelial growth factor

xviii



Chapter 1 | Introduction



1.1 An Introduction to Stroke

Stroke is a neurological disease characterized by a disruption of blood flow to a
region of the central nervous system.! Despite many advancements in prevention,
diagnosis, treatment, and medical management of stroke in recent decades, it remains
the second largest cause of mortality worldwide and a leading cause of disability.2 Each
year more than 62 000 Canadians are treated for stroke.3 Currently, more than 400 000
Canadians are living with the effects of stroke, and this number is expected to increase
to between 654 000 and 726 000 by 2038.4 While mortality has decreased in recent
decades, increases in life expectancy and an aging population have resulted in a greater
number of people experiencing and living with the consequences of stroke.4:5 One of the
leading contributors to disability adjusted life years (DALYSs), stroke is estimated
to contribute to more than 110 million DALYs globally.¢ As upwards of 40% of stroke
survivors require some level of assistance to complete activities of daily living
(ADLs),4 stroke is associated with significant economic burden to both patients and the
healthcare system.”

Stroke is a heterogenous disease that can be broadly broken down into two
categories. Ischemic stroke accounts for 80-85% of all strokes and occurs as a result of
occlusion of the blood supply.8:9 Hemorrhagic stroke occurs due to the rupture of
vasculature, resulting in infiltration of blood into the surrounding regions (i.e.,
parenchyma, ventricular system, subarachnoid space). Despite accounting for only 15-
20% of all strokes, hemorrhagic stroke is responsible for 49% of the global burden of

death from stroke.3



1.1.1 Hemorrhagic Stroke

Hemorrhagic stroke is characterized by the sudden rupture of vasculature
resulting in rapid extrusion of blood into surrounding tissues and spaces. There are two
primary and distinct subtypes: subarachnoid hemorrhage (SAH), where bleeding
occurs between the pial and arachnoid membranes in the subarachnoid space; and
intracerebral hemorrhage (ICH), also termed intraparenchymal hemorrhage,
where bleeding occurs within the brain parenchyma and/or ventricular system
(intraventricular hemorrhage, IVH). ICH is particularly devastating, with a 30-
day mortality rate of nearly 40%, and increasing to 54% at one year.1° Survivors are
frequently left with lasting impairments; it is estimated between 50-60% of survivors
live with chronic disability.9::0 ICH alone makes up 10-15%%12 of all strokes and is the
focus of this thesis.

Primary ICH occurs due to the rupture of small arterioles as a result of the
longstanding effects of hypertension and/or cerebral amyloid angiopathy (CAA)
on the cerebral vasculature.3 Subsequently, the vast majority of ICHs occur in deep
brain regions (hypertension) or lobar regions (CAA). Secondary ICH accounts for a
smaller proportion of cases and occurs as a result of vascular abnormalities and
malformations, tumors, or coagulopathies.:3 Damage from ICH is both immediate and
protracted and can be categorized into two distinct phases: primary injury and
secondary injury. Primary injury describes the immediate mechanical damage that
occurs as a result of the rupturing of cerebral vasculature. Extruded blood, often
following the path of least resistance (e.g., white matter tracts), causes significant
trauma to the neurovascular unit (i.e., neurons, glia, endothelial cells, smooth muscle

cells, and pericytes) as the formation of the hematoma (mass of clotted blood) leads to



compression and displacement of surrounding brain tissue.'::14 Secondary injury occurs
in the hours, days, weeks, and months following ictus, as a number of pathological
processes disrupt the tightly regulated ecosystem of the brain. Early after injury, many
of these processes contribute to the formation of a highly cytotoxic, pro-oxidative, and
pro-inflammatory environment that is unfavourable to cell survival, ultimately leading
to cell death through mechanisms such as necrosis, apoptosis, ferroptosis, and
necroptosis.!516 Later, many of these processes contribute to clearance of debris, and the
formation of an environment favourable to repair and remodeling. A thorough
discussion of primary and secondary injury and how these complex processes contribute

to repair and recovery can be found in sections 1.6 Mechanisms of Injury and 1.7 Neural

Repair After Stroke.

Acute medical management of ICH prioritizes reversal of coagulopathies,
controlling blood pressure (BP) and intracranial pressure (ICP), and prevention
of hematoma expansion.!” Despite many promising early results, clinical trials have yet
to identify a treatment that reliably lessens injury and impairment after ICH.18:19 To
date, the best treatment for hemorrhagic stroke is prevention, as treatment remains

limited to medical management and rehabilitation.13

1.1.2 Ischemic Stroke

Ischemic stroke accounts for approximately 80-85% of all strokes89:20 and is
characterized by the occlusion of the blood supply, predominantly by thromboembolism
(clot) or narrowing of the vasculature.2° The extent of ischemic infarct relies not only on
the location of vascular occlusion, but the duration of hypoperfusion as well as the

presence of collateral blood supply and degree of reperfusion.2° Neurons in the ischemic



core, the region of the infarct irreversibly damaged, inevitably die as blood flow drops to
below 10-25% of normal=° (see Figure 1.1). This disruption in blood flow forms a
gradient of hypoperfusion, where perfusion improves moving outward from the core.
Neurons in these regions, known as the ischemic penumbra, are often dysfunctional but
not entirely unsalvageable — making preservation, restoration, and repair of this tissue
the target of many therapies.2! On a molecular level, impaired blood flow disrupts
delivery of oxygen, glucose, and other key nutrients to the surrounding tissue, a series of
events known as the ischemic cascade.d This disruption leads to a failure in the cell’s
ability to undergo energy intensive processes key to cellular survival, such as formation
of adenosine triphosphate (ATP).20.22 Mitochondrial stores of ATP are rapidly
depleted;22 without adequate energy the cell is unable to power ion pumps, leading to a
disruption in the ion gradient and deterioration of membrane potential.2° These failures
contribute to injurious processes such as glutamatergic excitotoxicity, oxidative stress,
production of reactive oxygen species (ROS), and formation of cytotoxic edema.
While ischemia and ICH share a number of similar mechanisms of injury and repair, as
ICH is the focus of this work, many of the aforementioned mechanisms are discussed in

detail in the context of ICH in section 1.6 Mechanisms of Injury.

“Time is brain” is a phrase commonly used to describe the approach to medical
management of acute ischemic stroke. Recanalization and reperfusion of occluded tissue
is the primary goal, with thrombolysis (e.g., tissue plasminogen activator) and
endovascular thrombectomy considered the gold standards for acute ischemic stroke
treatment.23.24 Concerningly, a common complication following ischemic stroke is
hemorrhagic transformation, where bleeding occurs following an initial ischemic

incident. It is estimated that more than 20% of patients who experience ischemic stroke



will experience hemorrhagic transformation within the first 48 hours;=2° this risk is
increased following the use of thrombolytic agents such as tPA.25 Hemorrhagic

transformation is associated with worsened outcomes and increased mortality.26

Figure 1-1 Representation of hemorrhagic stroke (left) in deep brain region and ischemic
stroke (right) due to occlusion in middle cerebral artery territory. The hematoma, the
mass of clotted blood, is depicted in red; the ischemic core, region of irreversible damage,
is pictured in dark grey; ischemic penumbra, region of dysfunctional yet potentially
salvageable tissue, pictured in light grey [figure created with BioRender]

1.2 Risk Factors

Risk factors for stroke can be broken down into two broad categories: non-
modifiable, meaning they cannot be directly altered; or modifiable, meaning factors that
can be altered or medically managed. A recent large, international case control study,
INTERSTROKE,27:28 has shed light on many risk factors implicated in both ischemic and

hemorrhagic stroke.



1.2.1 Non-modifiable Risk Factors

Multiple non-modifiable risk factors have been identified to elevate risk of ICH
including age, sex, presence of CAA, race, ApoE genotype (g2, €4), kidney disease,
history of cerebral microbleeds, and previous stroke.10:13.29 Age is the most significant
non-modifiable risk factor, with risk of stroke doubling every decade after 55.9 Aging
induces numerous structural and physiological changes to the cerebrovascular system
and reduces the central nervous system’s capacity for repair.2 Combined, these factors
make the aging brain more susceptible to injury,!2 resulting in worsened outcomes for
older individuals. Additionally, older individuals are more likely to live with one or more
chronic conditions or comorbidities (hypertension, atrial fibrillation, diabetes, etc.)
associated with elevated risk.:2

Sex differentially effects stroke risk across the lifespan. Overall, the risk of stroke
is lower for women, however the distribution of risk is not uniform across the lifespan.3°
A recent province wide study in Ontario found that women <30 years old have a higher
risk of stroke relative to their male peers (hazard ratio, HR=1.26), likely in part due to
the use of oral contraceptives and pregnancy related complications and comorbidities.3°
Interestingly, this study reported that women had a lower risk of ICH across the
lifespan, but a greater risk of SAH >30 years of age. Stroke risk becomes greater for men
in midlife, then approaches equal between the sexes ~80 years of age. These differences
in risk across the lifespan are believed to be due to the cytoprotective effects of estrogen,
as stroke incidence increases following menopause.3°:31

Cerebral amyloid angiopathy, a common form of small vessel disease, is another
leading risk factor for ICH.27:32 Accumulation of 3-amyloid causes structural changes in

the walls of small-medium arteries and arterioles in the brain, increasing the propensity



for “leakiness” or microhemorrhages as vasculature walls become fragmented.33 This
phenomenon is most common in the cortical regions, and is most frequently associated
with the occurrence of lobar hemorrhages.32:33

Race is also associated with altered stroke risk; Black and Hispanic individuals
have an increased risk of all strokes and a greater stroke incidence compared to White
individuals.34 This is believed to be linked to the higher rate of vascular risk factors (e.g.,
hypertension, atherosclerosis, hypercholesterolemia, diabetes) present in these
populations due in part to systemic barriers leading to disparity in access to resources,
healthcare, and education.34 Asian ethnicity is also associated with increased risk of
ICH;35 though the cause for this finding is unclear, some have suggested it may be a
result of high rates of uncontrolled hypertensions¢ or ApoE polymorphisms (¢4) among

Asian populations.29

1.2.2 Modifiable Risk Factors

Hypertension increases the risk of ICH by 3-4x,9 and is the strongest modifiable
risk factor associated with elevated risk of ICH.37:38 Individuals are considered to have
hypertension when BP is consistently elevated above 140/9ommHg,38 though some
studies use a more conservative cut-off of 160/9ommHg.27 Hypertension promotes
several changes within brain vasculature such as the development of plaques in arteries
and arterioles (i.e., deposits of fat, cholesterol, cellular waste, or clotting products), and
lipohyalinosis (thickening of vascular walls resulting in reduced luminal diameter) in
penetrating arteries and arterioles supplying white matter. In addition to vascular
stiffening, hypertrophy of smooth muscle cells and eutrophic remodeling lead to

reductions in luminal space.38 Combined, these factors make the penetrating arteries of

8



the brain particularly susceptible to rupture. Luckily, several treatments are available to
treat hypertension and lower BP including angiotensin converting enzyme inhibitors,
angiotensin receptor blockers, and diuretics. Despite treatment with antihypertensives,
approximately one in four people with hypertension will continue to live with treated
but uncontrolled hypertension, resulting in greater risk of both all-cause mortality and
cerebrovascular disease associated mortality (HR=3.01).39

Diabetes is associated with a number of physiological changes to the vasculature
that contribute to increased stroke risk, including vascular endothelial dysfunction,
increased arterial stiffness, and chronic inflammation.4° Hyperglycemia, a common
symptom of diabetes, is associated with worsened clinical outcomes after stroke in both
patients with and without diabetes.4* Furthermore, diabetes is often present with other
comorbidities that elevate stroke risk such as hypertension, atherosclerosis, and
sedentary lifestyle.

Atrial fibrillation is another factor that increases stroke risk, as many patients are
prescribed anticoagulants to decrease risk of clotting. While anticoagulants reduce the
general risk of stroke, the risk of ICH varies among treatments. For example, warfarin, a
vitamin K antagonist, is associated with a roughly two-fold greater risk of ICH vs. direct
oral anti-coagulants such as dabigatran (thrombin inhibitor) or rivaroxaban (factor Xa
inhibitor).42

Lifestyle factors both directly and indirectly influence risk of stroke. Regular,
moderate exercise is associated with a reduced risk of stroke as it helps to regulate BP,
blood glucose, and cholesterol.43 Additionally, regular exercise reduces the risk of
several comorbidities known to increase stroke risk, including hypertension, diabetes,

and atrial fibrilation.43 A number of modifiable behavioural risk factors have also been



identified with increased risk of ICH stroke including current smoking habit, current
alcohol consumption and heavy episodic alcohol intake,44 and use of sympathomimetic
drugs (e.g., heroin, cocaine, amphetamines, etc.).27:28 Cessation or reduction of these

activities typically reduces risk attributed to these factors.

1.2.3 Other Risk Factors

Risk of stroke is also influenced by population based risk factors such as
socioeconomic status and living in low-middle income countries.21° Use of oral
contraceptives, history of migraine, sickle cell disease, and infection (e.g. Chlamydia
pneumoniae) have also been implicated in risk of stroke, but are not well studied or

understood.9

1.3 Clinical Presentation & Management

The brain lesion profile, the combination of both lesion location and size,
influences the type and severity of the clinical presentation of stroke symptoms.10:14.45-47
The Canadian Stroke Best Practice Recommendations: Management of Spontaneous
Intracerebral Hemorrhage3 thoroughly outline the protocol for medical diagnosis and
management of ICH. I will discuss the key points of these guidelines in brief in this

section.

1.3.1 Clinical Presentation
ICH has a heterogenous clinical presentation, as no two injuries are identical.

Patients typically experience sudden focal neurological deterioration (e.g., difficulty

10



speaking, muscle weakness, muscle paralysis) frequently accompanied by headache and
vomiting.313-48 Many patients experience disorientation or decreased level of
consciousness, often related to elevated ICP and compression or distortion of thalamic
and or brainstem regions.48 Lesion location and size influence the clinical presentation
and severity of symptoms.10.14.45.46 Sensorimotor impairments, such as poor fine motor
skills, may be present contralateral to injury and indicative of involvement of subcortical
structures (e.g., basal ganglia) and/or key white matter tracts (e.g., internal capsule).48
Higher level processing dysfunction (e.g., neglect, aphasia, hemianopia) may be
indicative of cortical involvement in the injury or disruption of connectivity between

cortical structures, subcortical structures, and/or related processing regions.48

1.3.2 Acute Clinical Management

Clinicians suspecting a patient of stroke perform a rapid neurological exam,
either the National Institute of Health Stroke Score (NIHSS) if awake or
Glasgow Coma Scale (GCS) if in a comatose state.3 Once confirmed stable,
neuroimaging by computed tomography (CT) or magnetic resonance imaging
(MRYI) is performed to confirm diagnosis. Patients are closely monitored for signs of
clinical deterioration or changes in level of consciousness as that is often indicative of
complications arising due to hematoma expansion, which occurs in ~30% of ICH
patients, or sudden increases in ICP.3 A primary focus of early post-ICH care is
limitation of hematoma expansion and rebleeding, with typical treatment being BP
management (i.e., <140-160 mmHg, target tailored to patient) and reversal of
coagulopathies.3 Analysis of pooled data from two large BP management trials, ATACH-

IT and INTERACT?2, found a 10% increase in the odds of favourable outcome for every
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10 mmHg decrease in systolic BP in patients with mild-moderate ICH.49 Surgical
intervention, such as external ventricular drainage or hematoma evacuation, may be
considered for patients that present with worsening level of consciousness,
hydrocephalus, or potential for herniation. Stable patients are admitted to a dedicated
stroke unit or neuro-intensive care unit as treatment in these units is well established to

improve functional outcomes and reduce mortality.50:5

1.3.3 Long-Term Clinical Management

Long-term clinical management of stroke is a complex, multi-faceted risk-
assessment process informed by the patient’s medical history, level of independence,
and presence of comorbidities and risk factors that may increase secondary stroke risk.
All patients with stroke should begin rehabilitation once medically stable and able to
actively participate.52 The rehabilitation processes and timeline will look different for
every patient, however the overarching goal of post-stroke rehabilitation is to enable
individuals with impairment to achieve pre-stroke physical and social functioning.52
Despite this goal, most patients will never fully recover and will require some level of
assistance in their day to day living.9 Rehabilitation is an ongoing, dynamic process,
tailored to the specific needs and goals of each individual patient and may be delivered
acutely in hospital settings (i.e., in designated stroke units or in-patient rehabilitation
centres), in out-patient settings (i.e., clinic), at home, or in community-based settings
(e.g., recreation centres). Further discussion of stroke rehabilitation, delivery, and role

of the interdisciplinary care team can be found in section 1.8 Rehabilitation. Lastly,

prevention of recurrent stroke is an important component of long-term clinical

management that is typically accomplished through a combination of management of

12



lifestyle factors (e.g., drinking, smoking, level of activity, diet) and/or medical
management of physiological risk factors (e.g., resumption or cessation of

anticoagulants, continued BP control).3

1.4 Recovery After Stroke

In 2017 the Stroke Recovery and Rehabilitation Roundtable established a
framework to define five critical time periods after stroke in humans: hyper-acute (0-24
hours), acute (1-7 days), early sub-acute (7 days-3 months), late sub-acute (3-6 months),
and chronic (>6 months).53 These time periods will serve as the framework for

discussions of recovery and timing of therapeutic interventions throughout this thesis.

1.4.1 Prognosis & Factors Influencing Recovery

ICH is a particularly devastating stroke, with a 30-day mortality rate of nearly
40%, increasing to 54% at one year.:° Comparatively, ischemic stroke has a much lower
mortality rate, with a 30-day mortality of ~12%, increasing to ~25-30% at one year.54.55
Despite ischemic stroke accounting for a greater proportion of strokes worldwide,
hemorrhagic stroke accounts for a disproportionate amount of the global burden of
stroke; in 2013 ischemic stroke was estimated to account for ~47 million DALYs globally
whereas hemorrhagic stroke was ~65 million DALYs.6

Multiple factors predict mortality after ICH, including hematoma volume, initial
severity (e.g., NIHSS or GCS), hematoma location, age, and presence of
comorbidities.811,12,56-60 Hematoma volume has been identified as one of the most

important predictors of outcome;5¢ while a precise value has yet to be determined,
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volumes below the range of 20-30 mL are correlated with more favourable outcomes
than those >30 mL.1 Clinically significant hematoma expansion has been observed in
~33% of patients;®! hematoma volumes >25 mL are more frequently associated with this
phenomenon.'* INTERACT1, a major clinical trial that explored intensive BP
management and hematoma expansion, found that each mL increase in volume was
associated with a 5% increase in death or disability at 9o days.®* Hematoma location
influences both mortality and morbidity, the consequences of which may be exacerbated
by volume.5¢ For example, a patient with a small hemorrhage (e.g., ~5 mL) would
typically have a good prognosis for recovery, likely with minimal long-term impairment.
However this prognosis is not universal — a 5 mL lesion encompassing the internal
capsule would likely result in significant long-term motor impairment47 and a
comparably sized hemorrhage in the pons would likely be fatal.5¢ Additionally,
increasing age further alters risk of mortality after ICH, with odds of in-hospital

mortality increasing 6-9% for every decade.6°

1.4.2 Measuring Recovery

“Recovery” is often used as a catch-all term to describe the multitude of changes in
health and performance after injury. Describing all changes (for better or worse) with
the single word “recovery” simply does not capture the nuance needed to truly
understand and explain how and why an intervention may work. While clinical recovery
is not the focus of this thesis, use of a common language to describe the
neurorehabilitation process across clinical and preclinical work is essential to furthering
translation and collaboration across disciplines. The World Health Organization

International Classification of Function provides the necessary framework and
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terminology to discuss the changes occurring after stroke at the level of the health
condition (neural), level of impairment (structural and functional), and level of function
or disability (activity).62 Furthermore, it allows researchers, clinicians, and therapists to
classify change in the context of recovery and compensation, two related but
fundamentally distinct components of neural and behavioural change.3.64 At a neural
level, recovery refers to the restoration of function within brain tissue that was initially
lost due to stroke. This differs from compensation at the neural level, which is often seen
when residual neural tissue takes on a new function that was lost due to stroke. A
comparable dichotomy is applied to impairment and disability. At the level of
impairment, recovery refers to the capacity to perform a movement in the same manner
as before injury, for example using the same motor pattern, timing of movement, and
range of motion. In comparison, compensation at the level of impairment refers to
performing a movement in a new way, such as activation of different muscles, using a
different range of motion, or change in coordination or timing of movement. Similarly,
at the level of activity, recovery refers to completing a task in the same way as before
(i.e., same movement patterns), whereas compensation refers to achieving a task, albeit
through different means (e.g., using two hands to complete a task that previously took
one).

Many assessment tools are used to evaluate therapeutic benefit and impact on
function after stroke. The most frequently used outcome measure to assess therapeutic
benefit after stroke is the modified Rankin Scale (mRS),%5.6¢ a 7-point scale (0-6,
rated from no disability to death) that broadly categorizes an individual’s global extent
of disability. Many clinical studies use the mRS as their primary endpoint, often with the

goal of improving the percentage of patients scoring between 0-2, a range which
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encompasses survivors with no symptoms to those living with slight disability. The
Fugl-Meyer assessment (FM)®” is a comprehensive examination that measures
multiple domains of impairment: motor function, sensory function, balance, range of
motion, and pain. Low total scores or low scores within a specific domain indicate
greater levels of impairment. The FM is a very common form of assessment in clinical
rehabilitation studies as it has sub scales for both the upper extremity (FM-UE) and
lower extremity (FM-LE) which can be used to assess rehabilitation strategies targeted
directly at the upper limb (e.g., task specific training) or lower limb (e.g., gait training).
The Barthel Index (BI)%8 is another common assessment that is used to measure
functional performance in ADLs for the purpose of evaluating independence. The BI
scores various activity domains such as toileting, hygiene, walking, dressing, etc., with
low scores indicating greater dependence on external help. Many other assessments
exist that focus on a specific domain of impairment or function. Some examples include
grip dynamometry (unilateral hand strength), the Action Research Arm Test (unilateral
arm and hand coordination), Wolf Motor Function Test (arm and hand coordination,
combination movements), Stroke Rehabilitation Assessment of Movement (lower
extremity movement and mobility), and the Rivermead Mobility Index (general
mobility).®9 Importantly, many of these assessments, such as the FM,70 have a defined
minimum clinically important difference (MCID) which represents the smallest
change in an outcome that is of value to the patient.” As the goal of rehabilitation is to
reduce impairment and disability, conceptualizing therapeutic efficacy from the
perspective of the patient and not simply analyzing efficacy statistically, is critical to

understanding and measuring treatment outcomes.
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1.4.3 Typical Course of Recovery

At admission to a rehabilitation program, those with hemorrhagic stroke often
present with more severe functional and cognitive impairments than those with
ischemic stroke.57.72 Despite the initial difference, those with ICH have been
documented to make greater gains in recovery by the time of discharge.57:58
Interestingly, this trend may be changing; more recent data has demonstrated
equivalent gains in function between hemorrhagic and ischemic patients, which some
have attributed to the introduction of acute reperfusion therapies for ischemia.7273

Much of our understanding of the typical course of recovery after stroke comes
from The Copenhagen Stroke Study, a seminal characterization of stroke outcome
stratified by initial severity in a heterogenous stroke population (92% ischemia, 8%
hemorrhage).74-76 Initial stroke severity is a critical predictor of recovery; patients with
mild-moderate stroke have a better prognosis and are more likely to be discharged to
home, and have less functional disability and neurological deficits at discharge
compared to those with very severe stroke.74 Overall, ~80% of patients will reach their
maximal functional improvement on ADLs ~6 weeks after stroke, in the early-subacute
phase, with 95% of patients achieving maximal function within 12.5 weeks.75 Time
course of recovery is further influenced by stroke severity, as those with mild stroke
achieve maximal functional and neurological improvement quicker than those with
more severe strokes.”s In patients with mild stroke, best neurological recovery and
maximal functional outcome is achieved by ~80% of mild stroke patients within 2.5
weeks and 3 weeks of onset, respectively; comparatively the same milestones will be

reached by those with the most severe strokes at 10 and 11.5 weeks from onset.”s While
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the majority of stroke recovery occurs in the early sub-acute phase, there is evidence to
support cognitive and functional recovery extending well into the chronic phase.?”
Although stroke has a rapid impact on the cells and structures at the core of the
injury and proximal surrounding regions, such as the penumbra in ischemia or
perihematoma zone (PHZ) in ICH, the effects on neural function extend far beyond
the immediate insult.”8 Abrupt changes in synaptic signalling, such as loss of input due
to neuronal death, dysfunction, or degeneration, contribute to disruptions in excitatory-
inhibitory balance in both individual neurons and larger neural networks.79 Distal
connected regions, for example cortex, frequently exhibit depressed metabolic activity
as a result of alterations in excitatory-inhibitory balance, GABAergic signalling, and
functional connectivity, in a phenomenon known as diaschisis.”8:8¢ Furthermore,
increased interhemispheric inhibition and changes in GABAergic signalling, in
conjunction with the aforementioned changes, may hamper activity in surviving
ipsilesional circuits.”9 Spontaneous recovery, improvement in function driven by
underlying biological processes, is greatest in the acute and early-sub acute phases after
stroke.81.82 Amelioration of consequences of stroke that hinder brain function, such as
edema or elevated ICP, together with engagement of innate repair processes (e.g.,
synaptogenesis, unmasking of silent synapses, dendritic branching, and other

mechanisms of plasticity discussed in Section 1.7 Neural Repair After Stroke), greatly

contribute to the resolution of depressed activity, restoration of lost connectivity, and

establishment of new circuitry after stroke.83
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1.4.4 Proportional Recovery & Predictors of Recovery

Regardless of stroke type or rehabilitation, in the days, weeks, and months
following stroke, many survivors (humans and animals alike) will experience a
substantial degree of improvement in neurological and behavioural function, an
occurrence known as spontaneous recovery.82 The extent of spontaneous recovery varies
from individual to individual, and is often incomplete, frequently leaving survivors with
some degree of impairment. Interestingly, the majority of all but the most severely
impaired stroke survivors are reported to recover ~70% of their early impairment, a
phenomena termed proportional recovery.84 While this phenomena was initially
reported to describe recovery of motor function in the upper limb of a small sample of
ischemic stroke patients, it has been observed in the lower extremity®s as well as non-
motor domains, such as aphasia.8¢ The principle of proportional recovery suggests that
resolution of impairment may be based on an underlying biological mechanism, rather
than the presence (or absence) of rehabilitation. Over the last decade, a substantial
amount of stroke recovery research has focused on the identification of biomarkers to
predict long-term outcomes and potential for recovery.8” As stroke is a heterogenous
disease, understanding who may recover best from a particular neurorehabilitation
intervention and why is of critical importance, not only to improving treatment efficacy
and patient outcomes but also for proper allocation of healthcare resources.

The corticospinal tract (CST), a white matter pathway essential in voluntary
movement, has been identified in many neuroimaging studies as a biomarker predictive
of recovery.8” Neuroimaging studies in both the acute88 and late sub-acute89 phases of
recovery have shown CST integrity to be predictive of motor recovery. Further, one

study also suggested the presence of a predictive injury threshold as patients with >63%
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CST injury failed to reach a MCID on functional measures.89 Presence (or absence) of
motor evoked potentials (MEPs), a marker of CST function, early after stroke is
also predictive of functional recovery. MEPs elicited by transcranial magnetic
stimulation in the paretic arm within 5 days of infarct are associated with spontaneous
recovery of impairment regardless of degree of initial impairment.o° It should be
acknowledged that these findings have been reported in ischemic stroke patients;
however similar follow up work in a heterogenous population (ischemia, ICH, previous
stroke) has found similar results.9!

Despite frequent discussion and exploration of proportional recovery in clinical
populations, only one research group has explored whether proportional recovery is
observed in preclinical models of stroke.92:93 In their large retrospective analysis of
rodent recovery data, Jeffers and colleagues reported that proportional recovery exists
in rats following endothelin-1 (ET-1) induced ischemic stroke, albeit to a somewhat
lesser extent (~65%) and only in ~30% of the population.92 In congruence with clinical
findings, smaller lesion size, milder initial impairment, and limited striatal injury were
predictive of “fitting” the proportional recovery rule.92 These findings extend some face
validity to the commonly used preclinical ET-1 model of ischemic stroke, however
additional exploration in other model populations and stroke subtypes is required to

determine the generalizability of these results.

1.5 Preclinical Models of Stroke

Several in vivo animal models have been developed to advance our
understanding of stroke. Due to the heterogeneity observed in human stroke, a variety

of models have been developed specific to stroke subtype, including ischemia, ICH,
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SAH, and IVH. While no one model perfectly mimics all the pathological processes that
occur due to each type of injury, they provide researchers the opportunity to explore
mechanisms of injury and repair, identify potential therapeutic targets, and test new
therapies.94 Infusions of collagenase (COL) or blood (autologous whole blood,
AWB) into the brain parenchyma are the most commonly used models of ICH,
although injection of various blood components (e.g., thrombin, FeCl.), the inert
microballoon model, and stroke prone spontaneously hypertensive rats are also used.94-

96 Here, I discuss the two most frequently used models of ICH in depth.

1.5.1 The Collagenase Model

The COL model, used in just over 50% of all studies between 2015 and 2019,97 is
the most commonly used model in preclinical ICH research. Developed in 1990 by
Rosenberg and colleagues, this model involves infusing bacterial collagenase directly
into brain tissue to induce spontaneous bleeding within the brain parenchyma.98
Collagen type IV is found in abundance in the basal lamina of brain vasculature.98:99
Injection of collagenase, a matrix metalloproteinase (MMP) that degrades
collagen, results in localized vascular disruption and bleeding in the capillaries
surrounding the injection site.98 Induction of ICH via COL model is a straightforward,
simple surgical procedure that can be completed in under 30 minutes. Under general
anesthetic (e.g., isoflurane), the subject is positioned in a stereotaxic frame, the skull is
exposed, and a burr hole is drilled into the skull. A fine needle is inserted into the brain
and COL is slowly infused, usually over a period of 5-10 minutes. This procedure gives
researchers significant flexibility as coordinates, concentration of COL, and volume of

infusion can all be modified to produce lesions of varying size, severity, and location.
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While lesions may not be identical in all animals due to individual variances in
vasculature, the hematomas created by this method are relatively reproducible and

typically spherical in shape.

1.5.2 The Autologous Whole Blood Model

The AWB model, the second most commonly used model of ICH, involves
infusing autologous blood directly into the brain parenchyma to form a hematoma.9”
First reported in 1982 by Ropper and Zervas!° and refined multiple times over the
following decades,%¢ the blood injection model mimics a single, rapid bleeding event.
Induction of ICH via the AWB model is somewhat similar to the COL model. Under
general anesthetic the subject is positioned in a stereotaxic frame, the skull is exposed,
and a burr hole is drilled into the skull. Blood, usually taken from a catheterized femoral
or tail vein artery, is then injected into the brain over a period of 5-10 minutes. Similar
to the COL model, this procedure gives researchers significant flexibility as coordinates
and volume of infusion can all be modified to produce lesions of varying size, severity,

and location.

1.5.3 Considerations for Model Selection

While useful for easily, and reliably inducing spontaneous ICH, the COL model
does not perfectly mimic clinical ICH. Roughly 30% of ICH patients experience clinically
significant hematoma expansion,®! the majority of which occurs within 6 hours of stroke
symptom onset.1°! Bleeding occurs over a period of hours following COL injection,02
making COL a good model choice for exploring therapies impacting bleeding and

mechanisms of hemostasis. However, unlike most clinical hemorrhages, bleeding
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following COL induced stroke is more diffuse, coming from many capillaries near the
injection location rather than a single site.9¢ Further, infusion of an exogenous
substance such as collagenase can result in an altered immune response,1°3 complicating
interpretation of studies of immune response to ICH and immunomodulatory therapies.

Similarly, the AWB model is excellent for modelling a single source of bleeding
leading to rapid development of a hematoma;9¢ however hematoma expansion, an
important clinical symptom, is rarely reported following AWB injection.1°4 As such, the
AWB model is frequently used for studying consequences of mass effect or neurotoxic
effects of blood breakdown. Furthermore, the AWB model often results in hematomas of
inconsistent size, shape, and location; infusing blood can be technically challenging (i.e.,
due to clotting), and it is not uncommon for blood to move up the injection tract
following needle retraction or extend bidirectionally along white matter tracts such as
the corpus callosum.102.104

While both models share many pathological hallmarks of clinical ICH, including
blood-brain barrier (BBB) dysfunction, edema, and inflammation, the extent of
injury and resolution of impairments differs. MacLellan and colleagues'©2 published a
thorough characterization of the AWB and COL models, using matched hematoma
volumes to assess time course of bleeding, progression of injury, and resolution of
neurological deficits. They found that the hematoma remains largely stable from about 1
hour onwards following AWB injection. In comparison, the COL model shows a notable
increase in hematoma volume between 1-4 hours. COL animals displayed greater BBB
dysfunction early after stroke and had fewer surviving neurons in PHZ of ipsilateral
striatum and substantia nigra and greater atrophy of ipsilateral cortex and corpus

callosum 6 weeks after ICH. Interestingly, by 6 weeks after stroke COL animals show
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much greater tissue loss (~50%) than AWB animals, despite having similar early
hematoma volumes. Extent and resolution of neurological deficits also differed between
models. Although both groups displayed significant deficits, animals in the AWB group
largely made a full recovery, however animals in the COL group remained impaired at
28 days. Together, these findings suggest the presence of an extended period of cell
death in the COL model that does not occur (or not to the same extent) following AWB
injury. No one model perfectly mimics all of the clinical features of ICH, and it is unclear
which model better predicts what happens in humans. There are advantages and
drawbacks to both the COL and AWB models that must be carefully considered by
researchers when designing experiments; as such, the appropriate model may differ

based on the specific pathological feature or pattern of recovery being studied.

1.6 Mechanisms of Injury

ICH disrupts the tightly regulated ecosystem of the brain, leading to development
of a highly cytotoxic, proinflammatory, and pro-oxidative environment that significantly
decreases cell viability.105 Several pathological processes overlap both spatially and
temporally over the hours, days, and weeks after injury and damage the neurovascular
unit (i.e., neurons, glia, endothelial cells, smooth muscle cells, and pericytes) and
contribute to the prolonged course of cell death observed after ICH. The injurious
processes described in the following sections contribute to cell death through a variety
of routes, including apoptosis (programmed cell death via caspase activation), necrosis
(unprogrammed cell death), necroptosis (caspase-independent programmed necrosis),
and ferroptosis (programmed cell death in response to iron characterized by

accumulation of lipid peroxides).15:16 106
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1.6.1 Primary Injury

The first phase of injury is caused by the immediate mechanical trauma related to
the rupture of vasculature and extrusion of blood into the surrounding tissue. Extruded
blood infiltrates the surrounding parenchyma, stretching and shearing cells and
structures, and often transecting or travelling along nearby white matter.13.107
Hemostatic mechanisms quickly activate to quell the bleeding, as platelets aggregate at
the site of injury and lead to the formation of a platelet plug. Extrinsic and intrinsic
coagulation pathways are activated, leading to the production of thrombin, a key
enzyme involved in catalyzing fibrinogen into cross-linked fibrin, and crucial in clot
stabilization and hematoma formation. While coagulation is essential to stop bleeding,

some components (e.g., thrombin, discussed in 1.6.2 Secondary Injury) are cytotoxic,

and further contribute to injury.

Due to the spontaneous nature of ICH, primary injury is particularly difficult to
treat. While ICH was once considered to be a rapid and monophasic event, that is not
entirely true; serial neuroimaging has identified that >20% of patients will experience
hematoma expansion, likely due to protracted bleeding or rebleeding.1°8 As such,
medical management predominantly focuses on preventing hematoma expansion and
rebleeding through reversal of coagulopathy (e.g., those on anticoagulants such as
warfarin)3.13:199 and BP monitoring and management, to varying degrees of success.
Although there have been some concerns that aggressive BP management may lead to
hypoperfusion or ischemic injury and further worsen outcomes,3-11° clinical trials such
as ICH-ADAPT* and INTERACT22 have provided evidence that BP management to

<150 systolic appears to be safe and may be related to improved functional outcomes.
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1.6.2 Secondary Injury

In the aftermath of ICH, damaged and dying neurons release glutamate,
triggering the influx of Ca2+ via N-methyl-D-aspartate receptors (NMDA) and
leading to a deterioration in the capacity to regulate membrane potential.20.113 Without
sufficient energy, the cell is unable to power ion pumps, leading to a failure in the cell’s
ability to undergo energy intensive processes key to cellular survival, such as formation
of ATP.20.22 These failures contribute to injurious processes such as glutamatergic
excitotoxicity, oxidative stress, production of ROS, and formation of edema.4

Several modes of cell death have been identified to occur after ICH; while not the
focus of this thesis, a brief overview is necessary. Mechanical pressure, exerted on tissue
by the hematoma, in combination with activation of NMDA by excess glutamate,
triggers influx of Ca2+, leading to mitochondrial dysfunction which can trigger death by
necrosis.'’5 Extrusion of cellular components into the extracellular space as a result of
necrosis contributes to the highly inflammatory environment that develops after ICH.
Changes in the intra- and extracellular microenvironment, for example in response to
oxidative stress, can induce death by apoptosis via activation of caspase-dependent
pathways. Binding of tumor necrosis factor (TNF), an inflammatory cytokine
released by microglia, leads to the development of the necrosome, influx of Ca2+ and
Na+, and ultimately death by necroptosis.'5¢ The breakdown of red blood cells and
accompanying release of iron, increases the production of ROS; as cellular antioxidant
mechanisms become overwhelmed, lipid peroxides accumulate, leading to cell death via
ferroptosis.16

The formation and presence of the hematoma in the parenchyma and/or

ventricular system contributes to mass effect, further compressing and displacing brain
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tissue. Depending on stroke severity, ICP within the skull may become dangerously
elevated (e.g., >20 mmHg);115-117 this elevated ICP can have dire consequences, such as
severely reduced cerebral blood flow or brain herniation.''8 As more than 20% of
patients will experience hematoma expansion within the first ~24 hours after ICH,08
further elevation of ICP can have deadly consequences. Recently, our lab showed that
following severe stroke, neurons in regions distal to injury display marked reductions in
cell volume, a space-saving effect we believe limits the effects of high ICP.116.119.120 This
mechanism of widespread “tissue compliance” may be important in reducing ICP
related mortality, however it may cause short and long-term neural dysfunction
throughout the brain, as markers of subcellular injury (e.g., mitochondrial swelling)16
have been observed to accompany these changes.

Cerebral edema is a significant contributor to post-ICH morbidity and mortality
and develops rapidly over the first 24 hours, peaking ~3 days after ICH in animal
models!8 and ~5-7 days in humans.'4 Within minutes of injury, dysfunctional and
irreparably damaged cells in the PHZ begin to experience an influx of ions (e.g., Na+*, Cl-
), 118121 Jeading to cell swelling (cytotoxic edema), as water from the extracellular space
follows the ions into the cell. As hemostasis is reached, clot retraction results in the
extrusion of serum into the surrounding tissue, contributing to early perihematomal
edema and ionic dyshomeostasis.!10:122 The presence of this serum, in combination with
ionic imbalances that extend well past the hematoma/PHZ border and BBB dysfunction,
create a driving force for vasogenic edema to develop.23 Later, erythrocyte lysis and
hemoglobin (Hb) related toxicity contribute to delayed edema formation.124
Depending on stroke severity, mass effect and edema can contribute to dangerously

elevated ICP, often with deleterious consequences such as brain herniation and
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ultimately death.46:110 Additional complications of mass effect include reduced cerebral
blood flow leading to concerns of localized regions of ischemia that may further
exacerbate cell death.104.110 While there is evidence for reduced metabolic rate and
oxygen demand in the PHZ, evidence suggests this region is likely experiencing
hypoperfusion rather than true ischemia.°

While necessary to coagulation and clot stabilization, thrombin has been widely
implicated early in secondary injury as it leads to infiltration of inflammatory cells, BBB
dysfunction, neuronal atrophy, and cell death.46.125 Extravasated blood components,
such as complement components, coagulation factors, and other bioactive molecules
contribute to the development of a neurotoxic environment. Approximately 24 hours
after ictus, red blood cell lysis begins, and over the following weeks, Hb is degraded into
its breakdown products iron (Fe2+) and heme via the heme oxygenase-1 (HO-1)
pathway, resulting in the production of ROS. The presence of this free iron further
contributes to oxidative stress, inflammation, and BBB breakdown as Fenton reactions
lead to the production of free radicals.104:105114 The excess levels of ROS produced as a
result of injury overwhelm the anti-oxidant capacity of cells, leading to dysfunction (i.e.,
oxidative damage to mitochondria, lipid peroxidation, DNA fragmentation) and
ultimately cell death.114

There is a marked inflammatory effect after ICH, as blood components are
released into the extracellular space alongside the release of products of damage
associated molecular patterns (DAMPs) (e.g., nucleic acids, ATP, various
neurotransmitters) by necrotic neurons.04 Microglia, the macrophages of the brain, are
activated from their ramified state as early as 1 hour after ICH,26 as DAMPs and various

blood breakdown components (e.g., heme, thrombin, fibrin) act on the family of toll-
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like receptors (TLRs) found on microglia. TLRs interact with the nuclear factor-
kB (NF-xB) signaling pathway and have been implicated in a variety of
proinflammatory responses after brain injury.04127 TLR4 is noticeably upregulated
beginning as early as 6 hours after ICH!28 and is associated with worsened outcomes;
inhibiting TLR4 has been shown to reduce inflammation and neurological deficits
following ICH in mice,29 generating interest in TLR4 as a potential therapeutic target.
In addition to activation through TLR/NF-kB pathways, microglia can also be activated
through various protein kinases resulting in increased production of TNF-a and through
the endocytosing of erythrocytes via scavenger receptors such as CD36.104 Activation by
the aforementioned pathways is implicated in expression of the M1 microglial
phenotype, considered to be proinflammatory and pro-damage due to the production of
chemokines, inflammatory cytokines (e.g., TNF-a; interleukin (IL)-1p, IL-6), ROS,
and inducible nitrous oxide synthase (iNOS), all of which contribute to early BBB
dysfunction.®2” Infiltration of peripheral leukocytes, in particular neutrophils, rapidly
follows the activation of microglia 24 and further contributes to the production of
inflammatory mediators and degradation of the cellular environment through the
subsequent release of various MMPs, most notably MMP-9.130 MMPs contribute to the
worsening of BBB function by degrading structural components of the extracellular
matrix and surrounding vasculature (i.e., collagen, laminin, fibronectin) and weaking
proteins critical to the integrity of tight junctions.?3° Blood brain barrier breakdown is
both a consequence and contributor to secondary injury; as the compromised BBB
becomes permissive to larger molecules (e.g., albumin) and infiltrating cells, osmotic
gradients are disrupted and further contribute to the development of vasogenic edema

and the formation of a neurotoxic environment.124
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Astrocytes play a fundamental role in the regulation of the brain environment
and maintenance of homeostasis under normal physiological conditions.!3! In addition
to providing neurotrophic support, astrocytes are essential to the regulation of cerebral
blood flow,!32 maintenance of BBB integrity,!33 and clearance of metabolites from the
brain via the glymphatic system.134 Under physiological conditions, astrocytes play a
major role in glutamate reuptake.'35 Following ICH, thrombin and plasmin activate
protease-activated receptor 1 (PAR-1) on astrocytes,!3¢ leading to rapid remodeling of
the neuropil around glutamatergic synapses.13” While this has the effect of helping in the
rapid removal of extracellular glutamate released by dead and dying neurons, it has the
capacity to impair long term potentiation (LTP), a key mechanism of plasticity, by
reducing glutamate receptor activation.13”

Though likely an oversimplification, astrocytes appear to adopt proinflammatory
(A1) and anti-inflammatory (A2) phenotypes, similar to their microglia
counterparts.!27:13t Presence of thrombin and release of signaling molecules, such as
TNF-a and IL-1p by M1 activated microglia, trigger reactive astrogliosis and a transition
to the A1 proinflammatory phenotype. Astrocytes also express several TLRs; much like
what occurs in microglia, exposure to DAMPs activates similar downstream pathways
(e.g., NF-xB).138 Within 1-3 days after ICH, activated astrocytes aggregate in the
dysfunctional and inflammatory PHZ27 and further amplify inflammation through the
expression of inflammatory factors, exacerbating BBB breakdown.3! IL-1p influences
the expression of vascular endothelial growth factor A (VEGF-A) by A1
astrocytes, which ultimately results in the destruction of tight junctions,*38 while heme
and thrombin act through surface receptors to induce the expression of MMPs.138

Additionally, changes in the localization of aquaporins (AQPs) on astrocytic endfeet
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occur as early as 1 hour after stroke, and appear to play a role in the formation of
edema.!38 Key hallmarks of this process known as reactive astrogliosis include cellular
hypertrophy, increased astrocyte proliferation,39 elevated glial fibrillary acidic
protein (GFAP), and the upregulation of chondroitin sulfate proteoglycans
(CSPGs).140 CSPGs play an important role in neurodevelopment, however following
injury they are associated with the collapse of neuronal growth cones and inhibition of
axonal regeneration.41.142 Severe reactive astrogliosis is associated with the formation of
a ‘glial scar,142 a pathological feature that occurs across central nervous system
(CNS) injury in both the brain and spinal cord. The glial scar has two important but
conflicting roles in recovery: early, it serves to seal off the lesion site to prevent the
infiltration of toxic and inflammatory substances released by glial cells and necrotic
neurons into nearby undamaged tissue; later this seal impedes the regeneration of
injured neurons through the lesion area due to both physical and biochemical
barriers.14%:142 While astrocytes contribute to the worsening of the inflammatory
environment early after stroke, they also play a critical role in repair and regeneration,

which will be discussed in section 1.7 Neural Repair After Stroke.
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Figure 1-2 Sudden unexpected bleeding and the resulting hematoma trigger several
parallel physiological cascades that contribute to secondary injury after ICH. Together,
these mechanisms contribute to the formation of a highly cytotoxic, proinflammatory
environment resulting in damage to components of the neurovascular unit (neurons, glia,
endothelial cells, smooth muscle cells, and pericytes) and cell death through modes such
as apoptosis, necrosis, necroptosis, and ferroptosis [figure created with BioRender]

1.7 Neural Repair After Stroke

The role of inflammation and the immune system is two-fold in the days and
weeks following ICH. In the first hours and days after injury, the brain’s tightly
regulated environment becomes highly neurotoxic as a series of inflammatory cascades
are triggered. Early after injury, microglia, neutrophils, and astrocytes produce a variety
of bioactive molecules that contribute to the formation of a highly proinflammatory,
cytotoxic environment. In the early phase, the proportion of microglia and astrocytes

skews to pro-inflammatory M1/A1 phenotypes; as time passes, this proportion changes
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to favour the more amenable to repair, M2/A2 phenotypes. In this second phase, we see
increases in expression of phagocytic receptors, and release of various anti-
inflammatory cytokines and growth factors. In this later stage, the now dominant
M2/A2 microglia and astrocytes play an important role in endogenous recovery and
repair.13t Many cells and substrates appear to have a biphasic effect following stroke:

early inflammatory, later pro-repair.

1.7.1 Hematoma Clearance

As discussed in section 1.6.2 Secondary Injury, many of the breakdown products

of the hematoma contribute to cytotoxicity and cell death after ICH. Here, I will discuss
the major forms in which blood cells and their components are cleared from the brain
tissue following ICH: erythrolysis and phagocytosis.

Erythrolysis, the breakdown of red blood cells (RBCs), begins within a few
hours of ICH onset.143 Early erythrolysis is initiated by the complement system, a
component of the innate immune system that responds in the presence of pathogens
and indicators of injury.144 Activation of the complement cascade leads to the creation of
the membrane attack complex, which latches onto the surface of RBCs and forms a pore
in the cell membrane, ultimately leading to lysis and the expulsion of cell contents (e.g.,
Hb, peroxiredoxin-2, carbonic anhydrase 1), and in turn creating a neurotoxic
environment and triggering neuroinflammation.45 Interestingly, it has been
documented that spontaneously hypertensive rats (SHRs) have increased early
erythrolysis after ICH (~24 hours) compared to normotensive controls,4¢ which suggest

that hypertension may aggravate early injury through cellular mechanisms. As such, it
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has been postulated that BP management may improve outcomes by reducing potential
for secondary injury via decreased early erythrolysis. 44

Erythrophagocytosis, the phagocytosis of red blood cells via microglia and
infiltrating macrophages, is essential to hematoma clearance after ICH. Unlike
erythrolysis, where toxic cell contents are spilled into the extracellular space,
erythrophagocytosis results in the containment of the otherwise harmful components of
RBC breakdown. While this may prevent some secondary injury, activation of microglia
and macrophages triggers the release of numerous cytokines that may be either pro-
inflammatory (e.g., IL-1B, IL-6, IL-12, TNF-a) or anti-inflammatory (e.g., IL-4, IL-10,
TGF-p) in nature.145 Furthermore, sustained phagocytosis of RBCs is associated with
decreased macrophage viability, likely as a consequence of oxidative stress due to the
production of ROS exceeding the antioxidant capacity of the cells.147 Many pathways and
receptors have been implicated in erythrocytosis; while not the focus of this thesis, I will
discuss a few in detail.

The glycoprotein CD47, a receptor found on the surface of erythrocytes, plays an
important role in RBC phagocytosis as it functions as a “don’t eat me” signal. As such,
there has been much interest in CD47 as a potential therapeutic target, and it has been
explored in multiple models of ICH.148-152 In a mouse model, wild type or CD47
knockout blood was infused to induce ICH; CD47 knockout animals had quicker clot
resolution than their wild type counterparts.148 Assessment of CD47 in a porcine model
of ICH documented decreases in CD47 expression within the hematoma over time,
suggesting that changes in CD47 expression may be linked to endogenous regulation of
hematoma clearance.!49 Several additional studies in both young and aged rats have

demonstrated that blocking CD47 is linked to improved hematoma clearance.150-152
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Our early understanding of microglia led to a dichotomous categorization of
M1/Mz2, or a broad concept of proinflammatory vs. anti-inflammatory. Our knowledge
of microglial polarization has expanded significantly in recent years, to recognize that
they exist on a spectrum where they can be found in a number of morphologies (e.g.,
rod-like, spherical, amoeboid, or an intermediate) and phenotypes (i.e., M1, Mo
(ramified), M2a/b/c).153 While present to some extent throughout the course of injury,
the M2 microglia phenotype begins to dominate the PHZ environment approximately
one week after ICH as IL-4, IL-10, and transforming growth factor-§ (TGF-) are
released by other immune cells. It is unclear what precisely triggers the phenotypic
switch, as the mechanisms have proven hard to elucidate. ROS produced by M1
microglia during the early inflammatory period appear to activate the nuclear factor
erythroid 2-related factor 2 (Nrf-2) pathway, a transcription factor crucially
important in the regulation of a variety of anti-oxidant processes and detoxification
enzymes.1o5 For example, activation of the Nrf-2 pathway by sulforaphane has been
shown to reduce protein and lipid oxidative damage and improve neurological deficits
following ICH; Nrf-2 knockout significantly worsens ICH injury.'54 Nrf-2 works in a
complimentary fashion with peroxisome proliferator-activated receptor-y
(PPAR-y) to regulate numerous antioxidant pathways, most notable to ICH, the HO-1
pathway. Together, Nrf-2 and PPAR-y upregulate the expression of IL-4 and CD36,
which play key roles in facilitating microglial phagocytosis (i.e., hematoma clearance)
and tissue repair. In addition, Nrf-2 activation results in elevated haptoglobin (Hp)
and hemopexin (Hpx), both of which play a role in hematoma clearance.5 Binding of

Hb to Hp creates stable iron sequestering Hp-Hb complexes which can then be engulfed
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by CD163 expressing microglia; binding of heme to Hpx forms stable Hpx-heme
complexes which are then taken up through CD91 mediated endocytosis.155

Mechanical disruption of blood flow (e.g., damage to vasculature) and changes in
tissue perfusion and blood flow, due to mass effect or elevated ICP, facilitate the need
for the development of collateral vasculature in and around the hematoma. Astrocytes
play an essential role in post-stroke angiogenesis and reestablishment of blood flow in
impaired regions. Astrocytic upregulation of VEGF beings ~2 days after ICH, peaks at 21
days, then begins to return to normal, with new vessels beginning to appear around and
penetrating into the hematoma starting ~7 days after ICH in rats.156 Aerobic exercise
(i.e., running) has been documented to increase angiogenesis in naive rodents157:158 as
well as those recovering from ischemic stroke,'59 making it an interesting target for
therapeutic intervention. Recently, meningeal lymphangiogenesis has been implicated
in improved hematoma clearance after ICH for its role in metabolite and potentially
erythrocyte clearance.?6¢ Changes in meningeal lymphatic vessel morphology and
function have been observed ~7-10 days and persisting to 60 days following both AWB
and COL ICH in mice.!6° These changes were associated with reduced hematoma
volume and neurological deficits; loss of function via meningeal lymphatic vessel
ligation impeded hematoma resolution.160

Astrocytes are critical to neural repair after brain injury.:38 Crosstalk between
astrocytes and microglia is a constant, ongoing process, both under normal
physiological conditions and after injury. In both the acute and sub-acute phases of
recovery, activity in one population triggers a reciprocal, often complementary action in
the other. For example, as the brain response to injury shifts to a less proinflammatory

state, release of TGF-p by reactive astrocytes serves to blunt the activation of the NF-xB
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pathway by microglia, in turn reducing the production of proinflammatory molecules
and creating an environment more favourable to repair.:38 Following ICH or thrombin
induced injury, astrocytic upregulation of HO-1 occurs, a pathway important in
hematoma clearance. In addition to their role in hematoma clearance, reactive
astrocytes release several growth promoting molecules such as brain derived
neurotrophic factor (BDNF), nerve growth factor (NGF), and fibroblast
growth factor (FGF) which activate tropomyosin-related kinase (Trk) pathways
TrkB, TrkA, and FGF pathways (respectively) to improve tolerance to injury and
promote survival.138 These and other growth factors important in plasticity will be

discussed in section 1.7.2 Neuroplasticity.

As blood components are neurotoxic, much of recent research has selected the
hematoma or its components as a target for therapeutic intervention. Many recent
preclinical and some clinical studies have broadly attempted to achieve one or more of
the following goals: prevent hematoma expansion, evacuate the hematoma, accelerate
hematoma resolution, prevent release of neurotoxic components from the hematoma, or
prevent uptake of neurotoxins.1©7 While often showing promising preclinical results,
these agents regularly fail to translate to clinical success.¢! Iron chelators, agents
designed to sequester iron and reduce damage related to oxidative stress and production
of free radicals, have been explored both preclinically and clinically. Most notably, there
has been mixed efficacy for the use of the iron chelator deferoxamine (DFX);43 some
have shown neuroprotective benefit preclinically,162.163 while others have had less
success.204:165 Phase II clinical trial i-DEF, which administered DFX to patients following
ICH, found no significant difference in favourable outcomes (mRS 0-2) at 9o days

between those treated with DFX compared to placebo.%¢ Recently, some have targeted
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the effects of iron toxicity through the administration of lactoferrin (an iron binding
protein) and modulation of neutrophils; preclinical results show promise in augmenting
hematoma clearance and improving behaviour.167-169 Other studies aimed at reducing
secondary injury have attempted to alter the proinflammatory and anti-inflammatory
balance after ICH.70 The beneficial anti-inflammatory effects of M2 polarized microglia
have made them the subject of interest for therapeutic targets, and there has been some
study to date with agents that alter reactive cell immunity, such as minocycline (shown
to decrease microglial activation after ICH)7:172 and fingolimod (shown to reduce
lymphocyte infiltration after ICH).173 While it may seem logical to tamper down the
polarization of M1 microglia in favour of M2 expression or prevent the infiltration of
immune cells, it is important to recognize that they work in a complementary fashion.
Although M1 microglia contribute to widespread inflammation and dysfunction, they
also allow for the destruction of obstructive matrix components and clearance of dead
neurons that may impede the growth and remodeling of surviving circuitry.:s3 It is
possible that without these effects, mechanisms of endogenous and activity dependent
repair and plasticity may not be possible.

Despite promising preclinical results, clinical trials aimed at reducing hematoma
expansion through the administration of Factor VIIa, SPOTLIGHT and STOP-IT, have
failed to find benefit on their primary endpoints.174 Surgical hematoma evacuation has
been another area of interest, however clinical trials such as STICH II (open surgery)7s
and MISTIE II (minimally invasive surgery plus alteplase)'7¢ have failed to find benefit
on their primary endpoints. It is unclear why translation has largely failed; while one
could argue that the risks of surgery may outweigh the benefits, it is equally possible

that the ICH models used in the preclinical studies do not mimic human pathology (e.g.,
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limited delayed cell death in the AWB model could be more reflective of human injury
than the protracted cell death observed in the COL model). Still, other large clinical
trials of surgical hematoma evacuation are currently underway to assess functional
improvement and mortality outcomes, including ENRICH (early hematoma evacuation
using minimally invasive surgery), MIND and DIST (testing of minimally invasive
Artemis Neuro evacuation device), and EVACUATE (ultra-early minimally invasive

hematoma evacuation).177

1.7.2 Neuroplasticity

Neuroplasticity refers to the multitude of changes that occur in the brain from a
micro level (e.g., receptor expression, cellular excitability) to a macro level (e.g., changes
in cortical connectivity, alterations in motor maps) in response to intrinsic or extrinsic
stimuli. It is the adaptive, and sometimes maladaptive, process by which both structure
and function can be changed in the brain. There is a preponderance of evidence that has
suggested a ‘critical window’ for recovery occurs after brain injury8:178-181 During this
time, numerous spontaneous processes of recovery are upregulated to create an
environment that is more favourable to repair the injured brain.8t Some have likened
this to the critical period observed in early neurodevelopment; while many similar
processes (e.g., synaptogenesis, synaptic pruning, dendritic branching, angiogenesis)
are harnessed for recovery after injury, repair in the mature brain is not simply a
recapitulation of early neurodevelopment.8.182.183 Training (i.e., rehabilitation) is an
essential component of post-stroke care as promoting recovery and/or teaching
compensation are critical to re-establishing independence and success in activities of

daily living.184 Importantly, this training is vital to restoring and repairing the injured
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brain, as a variety of experience dependent processes reinforce both motor learning and
memory.'85 While a considerable amount has been learned about the CNS response to
injury in recent decades, much of our understanding comes from studies of ischemic
stroke. Although there is significant overlap in the mechanisms of injury and repair
between ischemic stroke, hemorrhagic stroke, traumatic brain injury, and spinal cord
injury, our understanding of the specific time course of mechanisms and molecules that
contribute to or inhibit recovery following ICH remains somewhat unclear. Owing to
distinct differences in pathophysiology and time course of injury, there is reason to
expect some differing responses between ICH and ischemia.

To understand the scale in which change is happening in the brain as a response
to injury, we must first recognize that changes occur at the level of both individual
neurons (micro level) and populations of neurons (macro level). In an excellent review
on neural plasticity and neurorehabilitation, Warraich and Kleim categorize neural
plasticity into four related but distinct categories: individual structural changes,
individual functional changes, structural population changes, and functional population
changes.3 Collectively, these structural and functional changes are harnessed to
promote recovery through restoration and re-engagement of intact and dysfunctional
regions, recruitment of uninjured regions (both proximal and distal), and retraining
regions to perform new functions.é3

While motor and sensory cortices follow a somatotopic organization, diffuse
connections to proximal and distal regions exist throughout the brain. This redundancy
in connectivity and neural function is integral to the brain’s ability to repair itself, as it
serves as a scaffold for recovery of function by allowing mapping onto regions

responsible for comparable functions, both proximally (e.g., ipsilesional; within nearby
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populations of neurons) and more distally (e.g., contralesional; in multiple
representations across distinct brain regions).63 Under normal physiological conditions,
movement is largely controlled via unilateral activation of relevant sensory and motor
cortices in the contralateral hemisphere; while ipsilateral pathways exist, bilateral
activation is limited. After injury these ipsilateral pathways can become “unmasked,”
either by reductions in inhibitory input from connected neurons:86.187 or by becoming
the only source of input to a damaged pathway.:88 Recent advances suggest that the
capacity to recruit and form new connections may lie in the unique distribution of a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPA)
and NMDA receptors on dendritic processes and filopodia; silent synapses, previously
thought to be limited in the mature brain, appear to be abundant on the AMPA
receptor-less filopodia.189 Interestingly, these silent synapses can be recruited into
functional synapses through activity, following principles of Hebbian plasticity,9° the
idea that “neurons that fire together, wire together.”

In both healthy and injured brains, activity-dependent excitation and co-
activation of neurons leads to alterations in neural pathways through mechanisms such
as long-term potentiation (LTP)®! and long-term depression (LTD),92 whereby
high synaptic activity produces stronger connections (LTP) and lower activity produces
weaker connections (LTD).193 These connections are consolidated and stabilized
through structural changes, such as alterations in number of synapses,
addition/removal of dendritic spines, and axonal sprouting, all mechanisms which
contribute to the remodeling of peri-infarct circuitry after stroke and refinement of
neural networks.81193 It should be noted that while diffuse connections exist throughout

the brain, proximity of recruited tissue to the site of injury and injury severity both
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influence outcome and extent of rewiring. Recruitment of uninjured ipsilesional
neurons (e.g., neurons that maximally respond to one stimulus, but generate sub-
threshold potentials in response to a different stimulus) is associated with better, more
complete recovery than recruitment of connected contralesional regions.21.81 As smaller
strokes may spare a greater percentage of neighboring circuitry, activation of the
contralesional hemisphere is believed to play a greater role in recovery with increasing
stroke severity.81,194

Changes in neural excitability and activation occur on both a micro and macro
level following stroke and include alterations in the intrinsic excitability of neurons,
excitatory post-synaptic potentials, receptive field specificity, and neural network
activity.63.81 Hyperexcitability and a loss of inhibition, either due to intrinsic changes
and/or loss of input, is commonly observed after stroke. Homeostatic plasticity, a
collection of mechanisms that work together to stabilize neuronal networks through the
regulation of neuronal excitability, is important in restoring synaptic activity in
abnormally functioning circuits.8: Homeostatic plasticity is believed to play a role in
ameliorating some of these disturbances, through mechanisms such as axonal
sprouting, and changes in dendritic arborization and spine density.193 Unlike Hebbian
plasticity, homeostatic plasticity utilizes a negative feedback system to regulate synaptic
efficacy; high activity within a circuit results in weakened connections, low activity
results in strengthened connections.93

Under physiological conditions, the adult CNS is not permissive to axonal growth
due to the presence of inhibitory molecules such as Nogo and myelin associated
glycoprotein (myelin associated proteins), various CSPGs (extracellular matrix

proteins), and ephrins and semaphorins (growth cone inhibitors).:82 After stroke, the
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glial scar serves as a further physical and biochemical barrier to repair; however, the
surrounding peri-infarct region experiences remarkable changes in the extracellular
environment that make it more amenable to repair,!82 both through a reduction in
inhibitory molecules (e.g., CSPGs) and increase in growth promoting factors.182195 For
example, growth-associated protein-43 (GAP43), a growth cone protein important
in axonal sprouting, is upregulated as early as 3 days after ischemic stroke, with elevated
levels lasting for ~1 month.:82 It is postulated that these environmental changes that
allow for axonal sprouting contribute to the altered and expanded cortical maps that
have been observed in experiments of cortical remapping after injury. As such, there has
been growing interest in exploration of pharmacological agents that block or digest
inhibitory molecules (e.g., anti-Nogo-A,196.197 chondroitinase ABC98:199) or increase
neurotrophic factors such as BDNF and NGF (e.g., memantine,2°0 intranasal NGF201) as
a means of improving recovery. While many have reported promising preclinical results,
the clinical utility of these agents is uncertain.202:203

Other regenerative processes are also believed to contribute to recovery after
brain injury. Both angiogenesis, the development of new blood vessels, and vascular
remodelling appear to aid in repair after stroke.204 Recently, serial in vivo imaging has
been used to document spatiotemporal changes in vascular structure, blood flow, and
behavioural recovery after focal cortical ischemia.205 Vascular plasticity in the peri-
infarct region (i.e., formation and/or modulation of collateral capillaries) was largely
restricted to the first two weeks after stroke and correlated with the re-establishment of
blood flow; furthermore, the extent of blood flow restoration was coupled with the
extent of motor recovery.2°5 It is unclear to what extent angiogenesis directly

contributes to recovery after ICH; however, in addition to re-establishing blood flow, it
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has been hypothesized that angiogenesis, in part due to VEGF related increases in
vascular permeability, helps to facilitate immune cell infiltration, contributing to
removal of cellular and hematoma related debris.204.206,207

Angiogenesis is also involved in facilitating neurogenesis after stroke via the
neurovascular niche,208 guiding migrating neuroblasts from the subventricular zone
(SVZ) away from the rostral migratory stream and towards nearby regions of injury,
such as the striatum2°9 or cortex.208 Interestingly, despite their early role in BBB
degradation, evidence suggests that MMPs have a pleiotropic effect in recovery. In later
stages, MMPs appear to aid in neuroblast migration from the SVZ204 to injured regions;
inhibition of MMPs during this time has been reported to prevent migration.2:© While in
theory neurogenesis should lead to significant improvement in function of injured
tissue, many new cells fail to integrate into the existing circuitry, with ~80% of new cells
not surviving longer than 6 weeks.2!! Conflicting results have been reported in studies
modulating neurogenesis after stroke, some report benefit with enhanced neurogenesis
while others report deleterious effects, leading to questions as to what extent
neurogenesis contributes to both behavioural and cognitive recovery after stroke (for a
comprehensive review see Ceanga et al. 2021212).

Principles of learning and memory can be harnessed to facilitate motor recovery
after a variety of brain injuries. In an excellent discussion of experience dependent
plasticity, Kleim and Jones outline 10 principles that influence neurorehabilitation.!85
As stroke causes significant disruption to the circuitry of the brain, the principles “use it
or lose it” and “use it or improve it” speak to the importance of activating these
disrupted neural networks; without activation, limited recovery of function is possible,

as the brain may interpret the lack of engagement in these circuits as a signal to degrade
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existing cellular and synaptic infrastructure in favour of retraining for other purposes.
Time is also of utmost importance. Evidence suggests the presence of a “critical
window” for recovery exists in both animals!78 and humans,8 although the specific,
most suitable time course of intervention remains somewhat unclear (see section 1.8.2

Critical Factors for discussion). Specificity, transference, and interference are principles

that are heavily intertwined with one another. The manner of training dictates the type
and location in which plastic changes occur, the degree to which these experiences
translate to other abilities, and enhances the acquisition of a similar skill or behaviour.
Conversely, the manner of training can interfere with the acquisition of new skills or
restoration of previous patterns of activity, for example maladaptive plasticity as a
response to repetitive use of compensatory behaviours. Training repetition and intensity
are essential factors that drive lasting change within neural circuits; these principles
also heavily influence both transference and interference of motor learning. Age plays a
critical factor in plastic responses to experience, as several mechanisms of plasticity
(e.g., synaptogenesis, cortical remapping, neurogenesis), are altered with increasing
age.213 As risk of stroke increases with age, the reduced endogenous response to injury
in older individuals may contribute to reduced rehabilitative efficacy. For example,
microglial activity and morphology is impacted by age, which may result in impaired
lesion resolution. Following ICH, activation and infiltration of microglia into the PHZ is
delayed in aged animals; at 1 day post ICH, aged animals have less activated microglia in
the PHZ than younger animals, however by 3 days aged animals have greater, more
pronounced microglial response, spread more diffusely throughout the brain (i.e.,
farther from injury).214 Finally, much like in learning and memory processes, stimulus

salience appears to play an important role in modulating plasticity and consolidation of
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motor learning. Research findings in animals and humans all seems to support these
principles, and of course, these are also obvious in clinical practice (e.g., therapies seek
engaging tasks, they provide considerable repetition and so on).

In the next section, 1.8 Rehabilitation, I will discuss rehabilitation and the

changes it drives in both brain and behaviour. Neither behaviour or measures of neural
plasticity alone can tell us how the brain is adapting to treatment, it is only when paired

together can we begin to understand how mechanisms may contribute to action.¢3

1.8 Rehabilitation

Despite improvements in acute clinical care, many survivors are left with lasting
impairments after stroke, including muscle weakness, impaired consciousness or
cognition, dysphagia, and incontinence.2!5s Roughly 70-75% of all stroke patients will
have some degree of motor deficits in their upper or lower limbs three months after
stroke;215 in the long term, of those who survive 10 years, 20-30% will continue to have
poor outcomes.21¢ Rehabilitation remains our greatest strategy for improving
independence and quality of life in survivors.

Neurorehabilitation harnesses several principles of experience dependent
plasticity to achieve the broad goals of restoring, recruiting, and repairing the circuitry
in the injured brain. Many factors influence rehabilitation success, yet clinicians and
researchers alike are unsure of the optimal treatment parameters that could maximize
treatment efficacy and functional benefit to survivors. Although clinical rehabilitation is
not the focus of this thesis, a brief discussion of clinical rehabilitation and delivery
methods is required to better understand the obstacles researchers and clinicians face in

translating preclinical findings to clinical settings. In this section, I will discuss critical
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factors related to rehabilitation, common rehabilitation treatments, methods of clinical

assessment, and how preclinical scientists model clinical treatments.

1.8.1 Clinical Rehabilitation Delivery

Rehabilitative care is delivered by an interdisciplinary team of healthcare
providers, including doctors, nurses, neuropsychologists, physical therapists,
occupational therapists, recreation therapists, speech language pathologists, and social
workers.® These specialists play a critical, yet difficult to quantify, role in patient
success; therapist engagement and feedback shape the delivery of rehabilitative training
and may influence the extent to which patients actively participate in their own
recovery. In addition, patient’s family members and friends may provide caregiving and
rehabilitative assistance in later stages of recovery. Rehabilitative goals are tailored to
the individual and address the impact of impairments related to loss of function (e.g.,
hemiparesis, limb impairment, dysphagia, spasticity, bladder or bowel issues) and
limitations of activity or participation (e.g., completing self-care activities, ADLs, use of
mobility devices).®® Impairments that may impact communication (e.g., aphasia, vision
loss, hearing loss) or influence motivation (e.g., post-stroke depression, apathy, anxiety,
fatigue) must be considered in the design and delivery of rehabilitation.27

Owing to the overwhelming heterogeneity in impairment observed in stroke
survivors, a number of treatment modalities are used to promote motor recovery that
consider both the degree of impairment (minor vs. severe) and impact on function (e.g.,
gait, posture, muscle strength). A variety of treatments have been explored to improve
motor skills after stroke, including strength training, balance training, gait training

(assisted or independent treadmill walking), repetitive task specific training,
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constraint-induced movement therapy (CIMT), and others. A comprehensive
discussion and critical review of the evidence for each treatment modality and its effects
on a variety of clinical outcome measures can be found in the most recent Evidence

Based Review of Stroke Research.218

1.8.2 Critical factors

Expanding our earlier discussion on principles of experience dependent
plasticity, therapy type, timing, intensity, and frequency are all integral components of a
rehabilitative treatment. Timing, the initiation of treatment onset, has been the topic of
much focus in recent years. On a broad level, earlier treatment is often regarded as
better, as both preclinical'78 and clinical8! evidence show greater treatment efficacy with
early vs. delayed treatment. However, caution must be taken when interpreting this
concept, as very early intervention may negatively impact outcomes. For example, CIMT
immediately following cortical lesion in rats has been documented to cause severe
chronic behavioural deficits2!9 and aggravate injury,2:9:220 likely due to use-dependent
localized hyperthermia.220 Relatedly, the VECTORS clinical trial found that higher
intensity CIMT initiated early after stroke (i.e., <14 days) was associated with less
functional improvement at 9o days than more moderate doses of CIMT or usual care.22
The AVERT clinical trial also found evidence that frequent, high dose, early out of bed
mobilization after stroke was associated with decreased odds of favourable outcome.222
Optimal timing may also vary by stroke subtype and severity; subgroup analysis from
the AVERT trial suggests that effects of early, intense mobilization may be worse in

those with ICH or severe stroke, although this analysis was underpowered to make any
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definitive claims. Determination of the best timing and protocol for early mobility
interventions is ongoing, with results of the AVERT-DOSE trial expected in late 2023.

Treatment intensity is an important component in rehabilitative training, yet it is
often both poorly defined and reported in the literature. Some report intensity as the
amount of time spent in therapy per day, others the number of consecutive hours of
therapy, and others still as the number of repetitions completed and/or rate at which a
therapy is participated in (e.g., in animals, repetitions in a reaching task or speed and
distance of treadmill running; in humans, perceived exertion, heart rate). In an attempt
to reduce variability in the definition and interpretation of therapeutic intensity, in 2012
the American Congress of Rehabilitation Medicine Stroke Movement Interventions
Subcommittee defined intensity as “the amount of physical or mental work put forth by
the client during a particular movement or series of movements, exercise, or activity
during a defined period of time.”223 In the case of clinical interventions, subjective
measures (e.g., Borg rating of perceived exertion scale), or objective measures (e.g.,
heart rate, rate of maximal oxygen consumption) may be used to describe intensity.
Although both measures may be impacted by the effects of stroke (e.g., cognitive deficits
may impact subjective measures, autonomic functions may impact physiological
measures), this definition allows for a broad discussion on treatment intensity.

Within the animal literature, intensity is often poorly defined and woefully under
reported (see Chapter 3 for a more nuanced discussion). This is likely due in part to
methodological limitations, for example a measure of perceived intensity such as the
Borg rating is not feasible in animal models, and measuring heart rate or oxygen
consumption in small, moving animals is technically challenging. As there appears to be

no standardized approach to reporting treatment intensity, it may be more appropriate
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for basic and clinical scientists alike to report and discuss both treatment intensity and
dose (i.e., the total amount of treatment received over the intervention period)224 in a
manner similar to how parameters of pharmacological interventions are reported.225 As
measures of intensity as defined by clinicians lack equivalent translational counterparts,
intensity has been defined and reported in varying ways in the preclinical literature,
including but not limited to: time spent in restraint for CIMT,220,226-228 gpeed of running
in forced running,229-235 and number of successful reaches in enriched
rehabilitation (ER).236.237

Findings from preclinical studies suggest that a minimum threshold of intensity
must be met for the benefits of rehabilitation to be produced. Using the ET-1 model of
ischemia, Maclellan et al. found that modest levels of ER training did not induce
improvements in skilled reaching in cortical, striatal, cortico-striatal, or middle
cerebral artery occlusion (MCAo0) stroke; it was only when the number of
repetitions (i.e., intensity) was increased did animals show significant behavioural
improvement after MCAo stroke.236 While there is some support that greater intensity is
associated with improved outcomes clinically, overall there is limited evidence that
higher intensity therapy is more beneficial than standard care (level of evidence 1a and
1b).218 While this is in direct contrast to what has been reported in preclinical literature,
one possible reason for this discrepancy is the much lower level of rehabilitation
delivered in clinical settings.238 Animals completing ER often complete a skilled
reaching task >200 times per day; this level of repetition is not documented in the
clinical literature.

Treatment dosing parameters are fundamental to understanding the total dose of

rehabilitation a subject has received. Treatment duration and frequency are important
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components of rehabilitation that influence the efficacy of a given treatment
intervention. Treatment duration encompasses two factors: the length of a single
session (e.g., minutes, hours) as well as the period over which treatment occurs (e.g.,
days, weeks, months).223 Treatment frequency describes how often the treatment is
administered within the given period of intervention.223 For example, an ER protocol
where animals completed four 15-minute skilled reaching sessions per day for two
weeks would have a single treatment duration of 15 minutes, a treatment period of two
weeks, and a frequency of 4 sessions per day (alternatively described as 56 sessions in a

two-week period).

1.8.3 Translational Models of Rehabilitation After ICH

Animal studies of rehabilitation provide researchers the opportunity to explore
the impacts of treatment at both a behavioural and biological level, offering insight into
the mechanisms by which rehabilitation may facilitate recovery. Here, six commonly
used translational rehabilitation therapies and the neurobiological changes that have
been associated with their use are discussed. A summary of common rehabilitation
paradigms used in preclinical research and the parameters often modified between

studies can be found in Table 1-1.
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Table 1-1 Common Preclinical Rehabilitation Therapies Used in ICH Research

Type Description Modifiable Parameters Adjunct
Therapies
Constraint- Unimpaired limb is restrained Duration of daily limb restraint | EE, skilled
induced (commonly via casting or reach
movement bracing) for a pre-specified training
therapy (CIMT) | period each day
Environmental | A form of social housing that Novel items, duration of sessions | CIMT, skilled
enrichment introduces novel items for or total period in EE housing reach
(EE) rodents to interact with (e.g., training
running wheels, toys, ramps,
tubes) to create a more wild like
environment
Skilled reach Massed practice training of fine | Task, duration of sessions or EE, CIMT
training motor skills (e.g., Montoya total period, frequency of
(REACH) staircase task, single pellet sessions, number of repetitions
reaching task, tray task,
modified reaching task)
Aerobic exercise | Forced or voluntary running Forced vs. voluntary, speed of EE, skilled
(AE) that involves the use of running, duration of sessions or | reach
treadmills or running wheels total period, distance training

Enriched A combination therapy Task, duration of sessions or
rehabilitation comprised of skilled reach total period, frequency of
(ER) training and EE housing sessions, time in EE housing
Acrobatic A motor skills training protocol | Tasks, frequency of sessions,
training (AT) consisting of several tasks number of repetitions

requiring gross motor
coordination (e.g., walking
across a grid, rope ladder, rope,
parallel bars, or barriers)

Environmental enrichment (EE) is a form of social housing that introduces

novel items into the environment for an animal to interact with, such as running wheels,

toys, ramps, tubes, etc. As standard laboratory housing has little in the way of

enrichment (i.e., only bedding and a tube/box for hiding), the goal of EE housing is to

create a more stimulating, wild like environment for its inhabitants. In 1996 Johansson

and Ohlsson were the first to show that EE housing after ischemic stroke provided

superior behavioural benefit compared to social housing alone or individual housing

with access to a running wheel,239 a finding supported by work in other models of brain

injury.24° Use of EE after ICH has been explored as an adjunct to other treatments such

as amphetamine24! and estradiol.242 In both studies EE was reported to be associated
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with improved walking outcomes, but failed to provide neuroprotective benefit or
superior improvement to skilled reaching.

Skilled reach training (REACH) is a widely used form of massed practice
training of upper limb fine motor skills. Several variations of this training exist, but all
share three common features: the subject must extend their impaired limb to reach for a
target (usually a small pellet or seed, arguably a delicious treat for a rat), grasp the
target, then retract the limb while holding the target to complete a successful retrieval
(and eat the target as a treat). Importantly, these tasks can be used to assess both
impairment and disability depending on method of data collection and endpoint
selection. Disability can be measured by assessing task success (e.g., pellet retrieval
success rate) and impairment can be measured using kinematic analysis (i.e.,
videotaping and reviewing movement quality and patterns). Two frequently used
training methods are the Montoya Staircase test and the Single pellet reaching task. The
Montoya Staircase test243 involves the use of a 7-step, small plexiglass stair baited with
pellets and placed in the testing apparatus (3 pellets/stair, 21 total on each side). Rats
are placed in the apparatus and given 15 minutes to retrieve as many pellets as possible.
Similarly, the single pellet reaching task244 involves training the subject to reach through
a small (~1 cm) slot to retrieve a target (pellet or seed). Both of these therapies may also
be used for determining paw preference before surgical intervention and/or functional
assessment. For example, in the case of the Montoya staircase, rats are given 15 minutes
to retrieve as many pellets as possible; the number of remaining pellets on each side is
then recorded at the end of the session for each limb.

Constraint-induced movement therapy is a technique used to reduce learned

non-use in the impaired limb, as the unimpaired limb is restrained for up to 90% of
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waking hours over the course of the intervention period.245 To harness principles of
experience dependent plasticity and encourage cortical reengagement and/or
reorganization, constraint is paired with concentrated, repetitive training using the
impaired limb and maximized through techniques like shaping. In a rodent model of
ICH, use of CIMT (constraint paired with exercise) beginning 7 days after stroke
resulted in better behavioural outcomes (ladder walking, skilled reaching) and reduced
lesion volume compared to either constraint or exercise alone.226 In a study of severe
ICH, early therapeutic hypothermia was paired with CIMT initiated 14 days after ICH to
assess whether the combined use of early TH and CIMT was superior to either therapy
alone.227 CIMT was found to provide small functional benefits, with slightly greater
improvement in skilled reaching when paired with TH; interestingly, no neuroprotective
benefit was found in any group.227 Other studies of forced limb use (FLU), constraint
of unimpaired limb without paired training, have reported a variety of results. One
study using FLU beginning 1 day after ICH found greater improvement in early reaching
movements and ladder walking, but no effect on gross motor skills, limb use asymmetry,
or lesion volume.228 A follow up study comparing early FLU (initiated 1 day after ICH)
with late FLU (initiated 17 days after ICH) found that early FLU improved both reaching
and stepping success in the impaired limb, but late FLU did not.246 Neither early nor
late FLU was shown to be neuroprotective, however early FLU was associated with
cellular and molecular level changes in the ipsilesional motor cortex such as increased
dendritic arborization and elevated expression of AFosB (a transcription factor
associated with neural activity), BDNF, and GAP-43.246 Others have demonstrated

alterations and expansions of cortical maps accompanied by increased axonal
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projections to ipsilesional cortex, and implicated both the cortico-rubral247 and cortico-
reticular tracts248 as playing a role in mediating FLU induced recovery.

Aerobic exercise (AE) is a behavioural intervention that is frequently used
after ICH to drive neuroplastic changes in the brain.229-235.249 Aerobic exercise is
typically broken down into two categories: voluntary exercise and forced exercise. Under
Voluntary exercise, animals have access to a running wheel, often in their home cage,
that they may use at their leisure over a designated period of time (e.g., 30 minutes, 24
hours) or number of sessions. In comparison, forced exercise involves the placement of
the animal on a running apparatus (i.e., treadmill, rotarod, rotating wheel) set at a
prespecified speed (e.g., 10 m/min) for a given length of time (e.g., 30 minutes) and
frequency (e.g., 4 sessions/day). Dozens of studies have explored the effects of AE
following ischemia with mixed results. Some have reported little to no benefit, others
have reported modest reductions in lesion volume, inflammation, and oxidative
damage, improvements in behavioural deficits, and increases in angiogenesis,
neurogenesis, and expression of important pro-plasticity neurotrophic factors such as
BDNF.250 Results following ICH have also been mixed. Some have reported positive
behavioural benefits including improvement to the motor deficit score,19-121.136 beam
walking,231.233 and ladder walking.234 Others have reported neurobiological changes
thought to underlie behavioural improvement such as increases in dendritic length and
arborization in the contralateral striatum;249 lessened ipsilesional dendritic atrophy;23:
and increased cortical thickness, neuronal density, and dendritic length and complexity
in contralateral motor cortex.234 Others have found less benefit. One study explored the
use of forced exercise as both pre- and post- ICH treatment; neither paradigm was

beneficial, and increased post-ICH treatment duration was associated with worsened
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outcomes.229 Another assessed forced exercise after ICH initiated early (24 hours) and
with delay (1 week); early forced exercise improved performance on the rotarod test, but
did not improve performance in other behavioural measures or alter hematoma
resolution.230 Despite assessing both timing and duration of treatment, another study
found limited benefit of forced exercise, although there was a trend that suggested
earlier intervention was superior to later intervention regardless of treatment
duration.232 Compiled, the data on AE suggests that it may be capable of providing some
behavioural benefit and upregulating mechanisms of plasticity, however it is likely
insufficient as a standalone treatment.

Enriched rehabilitation is a combination therapy that combines REACH with EE
housing as a means of combining the benefits derived from elements of EE (i.e.,
upregulation of plasticity) with the benefits of mass practice skill training (i.e.,
restoration, recruitment, and rewiring of functional movement circuits). First described
in Biernaskie & Corbett for use after ischemic stroke,25! ER was found to substantially
improve both skilled reaching and walking, as well as enhance dendritic complexity in
pyramidal cells of the motor cortex. Follow up of this study found that initiating ER
early after injury (i.e., 5 vs. 30 days) was associated with greater behavioural
improvement and enhanced plasticity in the contralateral hemisphere, suggesting the
presence of a critical window for intervention after brain injury.78 The use of ER has
since been explored after ICH in both the COL252-254 and AWB models.255 A study of ER
beginning 7 days after COL ICH demonstrated that ER provides behavioural benefit in
skilled reaching tasks and walking, and substantially reduces the volume of tissue
lost.252 A follow up study showed similar behavioural improvements to skilled reaching

and walking, as well as enhanced dendritic complexity with ER, yet did not observe a
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neuroprotective benefit.253 A similar study of AWB induced ICH found comparable
behavioural benefits, but did not observe neuroprotective benefit or increased dendritic
length in the contralateral striatum.255 Others have tried to explore the mechanisms that
may drive the benefits derived of ER, suggesting that it may come from reducing cell
death,254 possibly by accelerating hematoma clearance and reducing oxidative stress.256

Acrobatic training (AT), occasionally referred to in the literature as motor
skills training, is a rehabilitative therapy comprised of a subset of 5 tasks that require
gross motor coordination, and to a lesser extent fine motor control. Tasks included in
this protocol include walking across an elevated rope ladder, an elevated grid platform, a
single thick rope, two parallel bars, and a series of irregular platforms.257 Following COL
ICH, AT has been reported to accelerate improvements in gross motor function and fine
motor function, as well as increase neural activity and plasticity.257-259 Mechanistic
studies into AT have suggested these behavioural improvements may be driven by
increased synaptogenesis,257 expression of structural proteins such as MAP2 (a
cytoskeletal protein important in dendritic structure),258 and alterations in AMPA
expression.259

Despite the development of preclinical therapies aimed at emulating critical
factors of clinical rehabilitation delivery (e.g., therapy type, timing, frequency,
intensity), preclinical researchers have struggled to consistently obtain behavioural and
neurological benefit from rehabilitation. Treatment parameters, individual
characteristics (e.g., age, stroke type, insult severity, comorbidities), and experimental
design (e.g., stroke model, endpoint selection, population, etc.) all contribute to the
challenges researchers face in attempting to translate preclinical findings into clinical

success.
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1.9 Considerations for Translational Research

Preclinical animal research plays a fundamental role in our understanding of the
basic mechanisms of disease, injury, and repair. Despite many encouraging preclinical
results in recent decades, translation of preclinical findings into clinical success remains
extremely low. In order to understand the obstacles to therapeutic translation in the
current research environment, we must first understand the translational pipeline and
the “valley of death”2¢0 that occurs in the transition between basic science (i.e., at the
bench) and early clinical studies (i.e., phase I/II proof of concept, safety, and dosage
studies). Both experimental factors (e.g., study design, population, methodology,
analysis, reporting) and systemic factors (e.g., funding, lack of interdisciplinary research
teams, publication bias) contribute to the lack of efficacy and high failure rate when
moving research from preclinical to clinical settings.2¢° In this section I will discuss the
challenges researchers and clinicians face in transitioning ideas through the research

pipeline and discuss opportunities that may improve the rate of successful translation.

1.9.1 Experimental Design & Quality Considerations

Recent estimates suggest between 75-90% of preclinical research findings cannot
be reproduced.26* Incomplete reporting of methodology of experimental models,
populations, laboratory settings, assessments, and analysis all contribute to a lack of
methods and results reproducibility; inappropriate statistical practices (e.g., ignoring
multiplicity, violating test assumptions), incomplete/selective reporting of results, and a
failure to contextualize findings within the broader literature (e.g., through systematic

review and meta-analysis) lessen inferential reproducibility.260-262 Experimental design

58



and methodology therefore must take into account factors that influence both internal
and external validity, carefully selecting appropriate endpoints to answer the
experimental question, while being mindful of confounds that may influence
experimental results or generate spurious findings.

Selecting a stroke model to create an injury that not only mimics the population
of interest but also generates an appropriate injury profile is a fundamental component
of rigorous study design.263 For example, while both the COL and AWB methods induce
ICH, if studying the impact of a treatment on tissue loss (i.e., rehabilitation), the COL
model may be more appropriate as it displays considerably more tissue loss over a
longer duration of time.102 While difficult to definitively prove similar cellular and
molecular changes occur in clinical populations, owing in part to limited resolution of
neuroimaging techniques and invasiveness required to assess equivalent endpoints, a
recent serial longitudinal neuroimaging study has reported evolving and long-term
microstructural (i.e., decreased fractional anisotropy, FA) and physiological (i.e.,
cerebral blood flow) changes following ICH.264 Other important considerations for
stroke model selection include location and severity, as both factors impact recovery and
the type of deficits observed.!* Stroke severity is of particular importance in studies
assessing behavioural outcomes; too mild an injury may risk ceiling effects, too severe
may risk floor effects.265 Despite potential confounds, it is essential to assess therapies
in severe stroke, as survivors of these strokes are most likely to live with ongoing
impairment and disability.

Clinical populations display significant heterogeneity both in individual patient
characteristics (e.g., age, sex, comorbidities) as well as injury profile and degree of

impairment. Despite these facts, preclinical stroke research is dominated by the use of
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young, male rats as the model population.9” While use of homogenous model
populations in early stages may be beneficial for proof of concept (e.g., less variability
and higher statistical power), failure to evaluate treatment efficacy in other model
populations (e.g., females, aged animals, with comorbidities) may limit the
generalizability of findings and ultimately contribute to reduced translational success.263
Careful and appropriate endpoint selection is therefore an essential component
of rigorous study design. Endpoint selection is particularly critical for translational
rehabilitation research — not only should studies be designed to assess clinically relevant
endpoints (e.g., assessing fine motor skills by measuring success in a skilled reaching
task), but also be appropriately timed, and sensitive to both the behaviour of interest,
and the amelioration of expected deficits over time.263 For example, use of the
composite neurological deficit score (NDS) would be appropriate for assessing
early differences in gross function between groups (<2 weeks after ICH), but not for
long-term assessment (>2 weeks) as test sensitivity decreases over time due to
amelioration of deficits attributed to spontaneous recovery.266 Similarly, use of the
ladder walking task would be suitable for assessing gross locomotor function, yet
inappropriate for assessing muscle strength or endurance. Researchers must also
consider how the lesion location and severity may impact the ability to participate in an
assessment. For example, animals displaying signs of spatial neglect may perform
poorly on a test due to lack of attention or awareness, not exclusively due to motor
impairment; attributing these gains to therapeutic efficacy may lead to overestimation
of treatment effects. Furthermore, sensorimotor impairments or motivational
impairments (e.g., as a result of post-stroke depression or anxiety, or disinterest in a

task) may reduce participation in an assessment or training task, complicating
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interpretation of reported effects. Finally, as many assessments are very good at
detecting the presence of injury but cannot reliably distinguish between more subtle
gradations in injury (e.g., mild vs. moderate stroke), using a battery of assessments is
recommended.267

Addressing sources of observer confirmation bias, through procedures such as
randomization and blinding (to treatment and/or during assessment and/or analysis), is
important in preventing overestimation of effect sizes.268 Clear disclosure of mortality
and data exclusions is important to ensuring transparency in research reporting and
statistical interpretation.2®9 For example, not reporting mortality or excluding many
animals due to severity of impairment may inadvertently disguise the effects of a
treatment on survival. A common problem across preclinical neuroscience research is
the use of small group sizes, and as a result, low statistical power;2¢9 indeed, a recent
review of preclinical ICH neuroprotection studies found that the median group size used
in behavioural endpoints is 8.97 While the use of small group sizes may be justified as
making research quicker, more feasible, and less expensive, their use has the insidious
consequence of not only reducing the chance of detecting a true effect, but also that a
statistically significant result is true.269 The practice of a priori identification of primary
endpoints, planned statistical analysis, and power calculations to determine group sizes,
are all strategies recommended to improve experimental rigor and transparency.269

Despite the publication of guidelines designed to improve reporting of preclinical
studies and the quality of stroke research (ARRIVE,270 STAIR,27t RIGOR?272), research
quality remains a major concern across the stroke field. As translational research often
creates the foundation for later clinical studies, lack of reproducibility is of grave

concern; basing clinical studies on data that fails to replicate within the original model
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organism (e.g., mouse, rat, pig) may result in costly failures in our attempt to translate

findings to human populations.

1.9.2 Systemic Considerations

Several systemic scientific issues also contribute to the failures in translational
stroke research. The current culture of “publish or perish” rewards those who publish
frequently, often regardless of quality.2¢ Limited funding, combined with granting
agencies and academic journals that often favour novelty over replication or publication
of negative findings, has led to an overwhelming positive publication bias in the field of
neuroscience.26%273 In an analysis of 525 animal stroke studies, only 2% reported no
significant effect on infarct volume, a common primary endpoint in preclinical work.273
Selective reporting and “p-hacking” (repeating or modifying statistical analysis until a
favourable result is achieved) are two statistical problems that further contribute to this
overt positive publication bias.274 Furthermore, common practice of reporting statistical
significance (i.e., p-values) provides limited information on the magnitude of a
treatment effect.275 Despite passing through the peer review process, many papers
continue to be published that use inappropriate statistical methods (e.g., using a t-test
on ordinal data) or inappropriate statistical comparisons (e.g., lack of comparison to
appropriate control groups), suggesting that gaps in statistical expertise exist at the level
of both the research group and across the field as a whole. To combat these concerns,
several experts have called for the use of pre-planned statistical analysis, reporting of
effect sizes and confidence intervals, and the incorporation of designated statisticians
into research groups and animal ethics boards to aid in experimental design and

planning.261.269,276-278 Despite widespread use in clinical research, frequent use of meta-

62



analysis has not been adopted to the same extent in the preclinical literature, although it
appears to be growing considerably.2¢9 While time consuming, completion of a meta-
analysis of the available preclinical data for a given therapeutic intervention should be a
requirement prior to advancing to clinical trial as it may prevent the costly exploration
of treatments based on questionable results or effect sizes. However, meta-analysis does
not replace the need for high quality research; heterogeneity and quality of primary
studies influence the quality of meta-analysis and may limit their accuracy and utility.275
Finally, the lack of interdisciplinary research teams (e.g., groups consisting of basic
scientists, clinicians, and PTs/OTs etc.), contributes to a unidirectional approach to the
translational research pipeline.®3 Collaborative research units allow for much larger
studies279 and create a two-way flow of information,2¢3 allowing for better
understanding of preclinical research and clinical implementation, which should
ultimately lead to the design of experiments that better reflect clinically relevant

protocols and assessments, and hopefully, result in greater translational success.

1.9.3 Considerations for ICH & Neurorehabilitation Research

Much of our understanding of stroke injury, recovery, and treatment comes from
ischemia. While ICH and ischemia are related and share many similar mechanisms of
damage and repair, it is likely that they differ to some degree and therefore may be more
(or less) amenable to treatment than other subtypes. For example, a recent study of
reactive gliosis after stroke found that following ischemia, astrocytes display greater
phagocytic activity than after ICH, and play a larger role in synapse elimination

following ischemia.280
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No one model perfectly mimics clinical ICH, and while each model has its
advantages, translational neurorehabilitation researchers must be aware of the
differences between models and select appropriate endpoints to assess therapeutic
efficacy. The COL model is documented to have a protracted period of cell death, where
lesion volume substantially increases from 1-6 weeks after ICH; comparatively, the AWB
model shows a relatively stable lesion profile with little change from 1-6 weeks post-
ICH.94 These differences in injury profile and time course may influence therapeutic
efficacy. Despite behavioural benefit, rehabilitation interventions beginning 1 week after
ICH have not shown an effect on neuroprotection in the AWB model.255 Conversely, the
COL model gives a longer window for therapeutic intervention, and rehabilitation
starting 1 week after ICH has shown both behavioural252.253 and neuroprotective
benefit252 (albeit inconsistently).253

Clinical practice should be taken into consideration in experimental design and
analysis, particularly with respect to inclusion of control groups. While feasible to
withhold treatment (i.e., no treatment control) in experimental studies, clinical
interventions are compared with usual care (i.e., standard accepted practice). Recent
meta-analysis of laboratory housing conditions found conventional housing (e.g.,
shoebox type plexiglass cages with limited enrichment or socialization) to increase
distress and mortality rates compared to animals housed in enriched environments.28
While further research is required, it is possible that this disparity in housing conditions
(e.g., enriched housing vs. conventional solo housing) contributes to inflated effect sizes
in comparisons between treatment and control groups.

Drug trials should serve as a potent reminder that treatment cannot take a “one

size fits all” approach; not every patient will benefit from every therapy, making the
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identification of biomarkers essential to our understanding of who may benefit from a
therapy and why.282,283 As we move into the age of precision medicine, there continues
to be a lack of stratification of patients in stroke recovery clinical trials,282 despite
increased understanding of predictive biomarkers of functional recovery234 (e.g., MEPs
as a measure of CST integrity).9° The same appears to be true in preclinical research.
Study populations are typically homogenous and explore treatment following mild-
moderate stroke, with little manipulation of lesion location or volume; regardless of
treatment success, few treatments are followed up with variations to population, lesion
size, lesion location, or presence of comorbidities.

Timing of intervention onset is a critical component of any treatment and
understanding the spatial and temporal dynamics of the multitude of endogenous
mechanisms of injury and repair in experimental populations is extremely complex.
Although there is evidence for a similar critical window of recovery in humans, 8! the
timing of spontaneous recovery is not identical, which presents a particularly difficult
hurdle in translating time sensitive therapies. For example, the timeline of hematoma
resolution in animals is much quicker (~21 days) than in humans, where resolution may
occur over an extended period of 1-3 months.264 Similarly, in animal models most
spontaneous recovery is observed within the first months8! (although sometimes in the
first week),02 whereas in humans this same period appears to last ~3-6 months.285

Although many models of rehabilitation have been created for preclinical use, an
often-ignored factor in preclinical rehabilitation is the role the rehabilitation specialist
(or caregiver) plays in therapeutic delivery. Therapists often serve as a coach,
encouraging active participation and mental engagement in tasks, providing feedback by

use of verbal or physical cues, and easily modifying a task to meet the patient’s
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abilities.286 A comparable level of feedback, correction, and motivation is a difficult
challenge to address in preclinical settings. It is possible that despite the best effort of
researchers, preclinical research paradigms may be promoting compensation rather
than true recovery.287 However, promoting compensation may not be inherently bad;
while some activity may have maladaptive consequences (e.g., training of the non-
impaired limb early after stroke may result in worsening of function in the impaired
limb),288 these changes may be beneficial in those with poor prognosis (i.e., severe
stroke).287

Finally, while many clinical assessments, such as the FM,7° have a defined MCID
which represents the smallest change in an outcome that is of value to the patient,”* the
same has not been established in preclinical settings. Preclinical researchers must
therefore be cautious in interpreting results; a statistically significant result does not
necessarily equate to a biologically meaningful change in behaviour. As such, we must
rely upon intuition (e.g., a 25% improvement should be meaningful) and statistical

estimates (e.g., Cohen’s d values) in our interpretations of efficacy.

1.10 Thesis Objectives

Broadly, the goal of this thesis was to assess the efficacy of rehabilitation after
experimental ICH. What began as an investigation into a potential mechanism of
rehabilitation-induced neuroprotection slowly morphed into an exploration of efficacy
of preclinical motor rehabilitation therapies after ICH and a commentary on factors
impeding translational success.

Chapter 2 is comprised of two experiments assessing efficacy of ER after ICH, in

the sub-acute and chronic phases of stroke recovery. Experiment 1 aimed to assess
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whether initiating ER 5 days after ICH accelerated hematoma clearance early after
stroke, as previously reported by Williamson and colleagues.256 I hypothesized that ER
beginning 5 days after ICH would provide enhanced behavioural benefit and accelerate
hematoma clearance at 14 days after ICH. Further, I hypothesized that animals
completing ER in the dark would participate at a higher intensity, conferring greater
benefit than those who completed training in the light. Experiment 2 aimed to assess
whether manipulating treatment duration (10 vs. 20 days) conferred greater
behavioural and neurological benefit when measured in the chronic phase of recovery.

Chapter 3 is a systematic review and meta-analysis of motor rehabilitation
interventions delivered in preclinical ICH studies. Although comprehensive analyses of
clinical rehabilitation strategies and their efficacy are commonplace (i.e., Evidence
Based Review of Stroke Rehabilitation), the same cannot be said for translational stroke
rehabilitation research. While some have explored the effects of post-stroke
rehabilitation on functional recovery,289 neuroprotection,25°.289 or neuroplasticity,29° a
comprehensive review of the effects of post-stroke rehabilitation on motor recovery has
not been conducted in translational models of ICH. Owing to differing mechanisms and
patterns of injury between ischemia and ICH, and that the majority of stroke
rehabilitation research is conducted following ischemia, I first assessed the overall
efficacy of motor rehabilitation after experimental ICH. Next, I explored how efficacy
was altered by factors such as intervention type, timing of onset, dose, and stroke
severity. Lastly, in response to the varied quality of reporting and experimental design
found in the reviewed literature, I developed a roadmap for researchers to follow aimed
at improving the quality of preclinical rehabilitation research at each step of the

scientific process.
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Chapter 4 is a retrospective, exploratory post-hoc analysis that assessed whether
proportional recovery occurs in preclinical models of subcortical ICH. Clinical literature
supports that the majority of stroke survivors will recover ~70% of their initial
impairment after stroke.84-86,90,91,291-293 A retrospective analysis of recovery after ET-1
induced ischemic stroke in rats has also found evidence to support this phenomenon,
albeit to a somewhat lesser extent (~66%) and in a much lower proportion of the study
population (~30%). However, it is unclear to what extent proportional recovery occurs
after ICH as all previous studies used only ischemic populations, or mixed populations
with <15% hemorrhagic stroke patients. As there is mixed evidence on whether patterns
of recovery differ by stroke subtype, 57:58.72,294-296 T explored whether recovery in skilled
reaching is proportional to initial impairment after experimentally induced striatal ICH
and sought to evaluate whether clinically relevant factors such as severity, lesion size,
and internal capsule damage predicted recovery.

Finally, Chapter 5 provides a summary and general discussion of findings related
to rehabilitation and motor recovery in translational models of ICH. Limitations of the
presented work and hurdles that must be overcome within the field are reviewed, and

considerations for future research are discussed.
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Chapter 2 | Early, intense rehabilitation fails to improve

outcome after intra-striatal hemorrhage in rats
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2.1 Introduction

Intracerebral hemorrhage (ICH), caused by the rupture of vasculature in the
brain, accounts for 10-20% of all strokes.! This sudden extrusion of blood into
surrounding tissue causes immediate mechanical trauma and delayed secondary injury.
Although there are overlapping mechanisms of injury with ischemia, unique processes
contribute to the protracted cell death observed in models of ICH.23 Pre-clinical studies
illustrate progressive tissue loss occurring for weeks after collagenase-induced ICH,24
accompanied by decreases in cortical thickness and white matter atrophy. Degradation
of the hematoma into cytotoxic components, such as heme and iron, causes
inflammation, formation of reactive oxygen species, and a disrupted blood brain
barrier.5 Similarly, intra-cerebral iron infusion alone causes progressive brain injury.®

To date, rehabilitation (rehab) remains our best treatment to promote recovery
after stroke, yet much of our understanding of rehab comes from ischemic stroke, with
more limited work exploring rehab exclusively after ICH.7 Animal® and clinical9
evidence suggests that individuals recovering from ICH show greater early
improvements than those recovering from ischemic stroke;'© however, as acute
treatment for ischemic stroke has improved, this finding has been challenged.* There is
a moderate body of animal research exploring rehab and recovery after ICH,2-16 and
some of these studies have varied treatment parameters.'21517 From that limited work, it
is difficult to optimize treatment protocols (e.g., timing and intensity of intervention) or
to identify key underlying mechanisms. Thus, we must rely upon the known principles
of learning and memory that can be harnessed to drive plasticity in the injured brain.

Rehab utilizing optimal timing, specificity, repetition, intensity, and salience, all
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principles of experience-dependent plasticity, seem to best drive recovery after brain
injury8 and it seems reasonable that the same should apply to ICH.

As with treatment parameters, the means by which rehab improves outcome have
yet to be fully elucidated after ICH. Not surprisingly, rehab increases neurotrophic
factors®9 leading to the growth of spines and dendrites,2° synaptogenesis,2! and
sometimes neurogenesis,22 (but see2°). DeBow and colleagues also discovered a
neuroprotective effect with using constraint induced movement therapy (CIMT)
following ICH.*2 Despite the simplicity, running alone appears to be neuroprotective,4
but not all studies agree.23 Like CIMT, enriched rehabilitation (ER),24 a combination of
skill training and environmental enrichment (EE), mitigated cell death after ICH while
augmenting recovery.25 Both CIMT and ER align with several principles of experience-
dependent plasticity, such as specificity, repetition, and intensity. As for timing, most
ischemia and ICH studies begin rehab within the first 7 days after stroke,320:25-27 a time
of heightened plasticity.28

Recently, accelerated hematoma clearance (mechanism unknown) with
attenuated iron levels has been identified as a potential way by which rehab lessens
injury (less oxidative stress) and neural dysfunction (less ionic dyshomeostasis).29 Drug-
augmented clearances?:3! as well as surgical removal32:33 of the hematoma have been
topics of interest for years,34 as reducing hematoma breakdown products should
minimize secondary injury. For instance, pre-clinical studies administering lactoferrin
show promise in augmenting hematoma clearance and improving behaviour.35-37 It
makes sense then that rehab’s known benefits (promoting synaptogenesis, etc.) might
synergize with the neuroprotective and restorative effects of augmented hematoma

clearance.
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We must acknowledge that our treatment and mechanistic understanding of
rehab, especially in the small ICH rehab sub-field, must be viewed in light of the fact
that many pre-clinical stroke studies have shown interesting results, only to fail when
re-tested or applied in a clinical setting.38 Numerous questionable practices, such as
poor reporting, cherry picking data, and the use of small group sizes, all lead to
overestimated effect sizes. Those issues, coupled with the more common failure to
publish negative results, all contribute to the “replication crisis” in biomedical
research.39 Thus additional high-quality studies are needed.

Here, we used a translationally rigorous design to explore whether treatment
intensity and duration impact the efficacy of ER following ICH in rats. We were
principally concerned about the neuroprotective effects of rehab, as we believe that this
neuroprotective effect is biologically meaningful and at least partially underlies the
better behavioural benefit reported in previous studies. As the basal ganglia is a
common site of ICH in humans,4° we infused collagenase into the striatum to cause an
ICH. This is a well-characterized4 and common model in ICH rehab studies, which have
shown that rehab lessens secondary injury.:2.25 Our first study assessed whether ER
performed in the light or dark phase of the housing cycle altered rehab intensity and
efficacy. Experimental work in ischemia suggests that rehab delivered in the dark leads
to greater engagement in training and better outcomes than ER in the light phase.2” We
used a hemoglobin assay to determine residual hematoma volume 14 days after ICH, as
a comparable treatment was previously shown to accelerate hematoma clearance at 14
and 21 days after ICH in rat.29 Our second experiment explored whether increasing
treatment duration (10 vs. 20 days of ER) provided superior behavioural benefit and

neuroprotection when measured 60 days after ICH. We hypothesized that longer ER
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treatment would enhance behavioural and neuroprotective benefits owing to the

ongoing secondary injury in this model.23.6

2.2 Methods

2.2.1 Animals

One hundred twenty-eight male Sprague-Dawley rats (250-300 g, ~2-4 months
old) were obtained from Charles River (Saint Constant, Quebec). All procedures were
approved by the Biosciences Animal Care and Use Committee at the University of
Alberta (Protocol 960) and complied with Canadian Council of Animal Care Guidelines.
Researchers adhered to the ARRIVE guidelines,42 except when blinding was not possible
(e.g., during ER delivery and behaviour assessment).

Rats were group housed 4 per cage in standard plexiglass cages (37 cm by 47 cm
by 20 cm) with 2 standardized rat retreats (tubes) per cage in temperature- and
humidity-controlled rooms, with lights on from 7 am-7 pm (standard light cycle) or 7
pm-7 am (dark cycle). In the week preceding behaviour training, groups assigned to the
dark cycle condition (all interventions completed in the dark), were transitioned to this
schedule over a period of 4 days. Each day, the start of the light cycle was delayed by 3
hours (10 am-10 pm, 1 pm-1 am, 4 pm-4 am, 7 pm-7 am). To reduce animal stress,
behavioural training was not performed until 2 days after transition. Rats assigned to
ER groups were housed under the same conditions as control groups (CON), except
during EE. Rodents were fed standard rat chow (Purina) with water ad libitum. Food
and water were available ad libitum during acclimation phase, light cycle transition, pre-

and post-surgery, and outside periods of behavioural testing. To reduce stress and
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familiarize animals to researchers, all animals received two 10-minute handling sessions

with each researcher prior to the start of behaviour training.

Table 2-1 Group sizes, exclusions, and endpoints analyzed

Experiment Group Size  Exclusions Eind poiit Awallysts
(n/group)
Dark Rehab 16 Complete exclusions: 3 Staircase: n=13
(ER-D10) Partial exclusions: 3 (ladder) Beam: n=13
Ladder: n=10
Hematoma volume: n=13
Light Rehab 16 Complete exclusions: 3 Staircase: n=13
(ER-L10) Partial exclusions: o Beam: n=13
Ladder: n=13
Hematoma volume: n=13
Dark Control 12 Complete exclusions: 1 Staircase: n=11
E . . (CON-D) Partial exclusions: 1 (beam) Beam: n=10
xperiment 1: o
14 Day Survival Ladder: n=11
Hematoma volume: n=11
Light Control 12 Complete exclusions: 3 Staircase: n=9
(CON-L) Partial exclusions: 1 (beam) Beam: n=8
Ladder: n=9
Hematoma volume: n=9
N=56
Complete exclusions: n=10 (7 failed to reach baseline behaviour criteria; 3 technical
error)
Partial exclusions: n=2 (beam — camera malfunction); 3 (ladder — camera
malfunction)
Rehab-10 24 Complete exclusions: 0 Staircase: n=23
(ER-D10) Partial exclusions: 1 Lesion volume: n=24
(staircase), 1 (corpus Corpus callosum: n=23
callosum)
Rehab-20 24 Complete exclusions: 1 Staircase: n=21
(ER-D20) Partial exclusions: 2 Lesion volume: n=22
. (staircase), 1 (Iesion volume), Corpus callosum: n=22
Experiment 2:
60 Day Survival 2 (corpus callosqm) '
Control 24 Complete exclusions: 1 Staircase: n=23
(CON-D) Partial exclusions: o Lesion volume: n=23
Corpus callosum: n=23
N=72

Complete exclusions: n=2 (premature death)
Partial exclusions: n=3 (staircase — incomplete assessment), 1 (lesion volume — poor

tissue quality), 3 (corpus callosum — poor tissue quality)
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In experiment 1, rats (n=56) were indiscriminately assigned to cages by animal
care staff and were later randomized by cage (random number generator) to dark (D) or
light (L) housing condition and transitioned to dark cycle housing appropriately (Figure
2-1A). Following behaviour training and ICH induction, cages were further randomized
to ER (ER-D10, ER-L10) or no treatment control (CON-D, CON-L) as noted in Table 2-
1.

In experiment 2, all animals (n=72) were transitioned to dark cycle housing
(Figure 2-1B) as there was a small but non-significant trend that ER-D10 animals
performed better at skilled reaching on day 14. Following behaviour training and ICH,
cages were randomized to 10 days of ER (ER-D10), 20 days of ER (ER-D20), or control

(CON-D) condition (Table 2-1).

A Experiment 1: 14 Day Survival
<=+ ER-DARK and ER-LIGHT

1 :’ +--* ER-10
\ +---+ ER-20
ICH
] ¢ ¢ : ¢  Staircase Assessment
Training  Assessment J B Ladder Assessment
T e s o ¢ Beam Assessment
I—_." : : : : : : % Euthanasia
-32 -7 0 45 1314
B Experiment 2: 60 Day Survival
ICH *
l ¢ " *e e
Training Assessment - —————
‘_"l‘—bl | I‘ -------------- .I L1 |‘- --------------- .l L1 ‘
—— 1 T T 1 S—H
-32 -7 0 45 14 1617 19 28 3031 59 60

Figure 2-1 Experimental Timeline. A Experiment 1: investigation of effects of ER on
residual hematoma volume and behaviour 14 days after collagenase-induced ICH. B
Experiment 2: investigation of effect of altering ER duration (10 or 20 days) on lesion
volume and behaviour in the chronic phase of recovery after collagenase ICH. C Dual-
level environmental enrichment housing. Each level contained a running wheel for
rodents to use at their leisure, as well as tubes for hiding, and novelty toys. To encourage
exploratory behaviour, food location was changed daily, and novelty items were changed
twice weekly (e.g., balls, chains, wooden blocks, cars). Cages were made of wire rungs to
allow climbing between levels of the cage and included a ramp to allow more impaired
animals to walk to upper level
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2.2.2 Skilled Reach Training & Montoya Staircase Test

To encourage participation in behavioural training and testing, animals were
food restricted to 90% of their free feeding weight with water available ad libitum in
their home cages. Animals were trained on the staircase test43 for 4 weeks prior to stroke
(5 days per week, 2 trials daily, 15-minutes each). Baseline assessment of skilled
reaching and paw preference was determined on the last 3 days of training (average of
the last 6 trials). Based on a priori exclusion criteria, animals that failed to successfully
retrieve a minimum average of 9 pellets on at least one side were excluded from analysis
but remained in the study and continued to receive treatment under their assigned
protocol to prevent disruption to cage hierarchy and social dynamics.

All animals completed skilled reach testing prior to ICH (baseline testing), and
after ICH on day 4, prior to the start of treatment. In experiment 1, skilled reaching was
assessed over 4 trials on day 13 and 14 (2 trials/day, replacing the 7 am and 11 am rehab
sessions on those days). In experiment 2, skilled reaching was assessed over 4 trials on
days 16 and 17 (mid-point assessment) and days 30 and 31 (final assessment). Scores

represent the average number of pellets retrieved across 4 trials.

2.2.3 Beam Walking Task

Following completion of skilled reach training, animals were trained to cross a
horizontal beam, as previously described.3 The final trial was video recorded and scored
to determine baseline ability. Briefly, animals were scored as: o (rat fell off beam <10 s),
1 (could not place impaired limb on beam, stayed on >10 s), 2 (unable to cross beam but
able to place impaired limb and maintain balance), 3 (able to cross beam but dragged

impaired limb), 4 (able to cross beam, placed impaired limb on beam 1+ time), 5
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(crossed beam with >50% slip rate on impaired limb), 6 (crossed beam with <50% slip
rate on impaired limb), or 7 (crossed beam with 2 or less slips of impaired limb).3
Following all reach training sessions and reach assessment trials on day 14, rats
completed one post-treatment beam walking assessment. Recordings were scored by a

blinded researcher.

2.2.4 Ladder Walking Task

Following completion of skilled reach training, rats were trained to cross a
horizontal ladder apparatus with rungs spaced 1-5 cm apart, and scored as previously
described.44 The final 4 trials were recorded to determine baseline walking ability. To
avoid the ladder walking serving as rehab, post-ICH trials were only completed on D14,
after all skilled reaching and beam walking assessments were complete. Per a priori
exclusion criteria, animals that failed to successfully cross the ladder a minimum of 2
times in either the baseline or day 14 assessments were excluded from analysis. The
percentage of successful steps was calculated for the contralateral forelimb and averaged
across all included trials:

# of successful steps
% successful steps = # of total steps x 100

2.2.5 Surgery

For ICH, animals were anesthetized with isoflurane (graded induction to 4%, 2-
3% maintenance) and placed in a stereotaxic frame.45 A midline incision was made over
the scalp to expose the surface of the skull and a burr hole was made 0.5 mm anterior

and 3.5 mm lateral to Bregma,46.47 contralateral to the dominant paw (established
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during baseline reach testing). An infusion of 1.2 pL of 0.6 U bacterial collagenase (Type
IV-S, Sigma) was injected 6.5 mm deep into the striatum over 5 minutes (26-gauge
Hamilton syringe). The syringe remained in place for an additional 5 minutes to prevent
backflow. The burr hole was then sealed with a small screw, and the scalp was closed.
Temperature was monitored throughout the procedure via rectal probe and maintained
at 37+0.5 °C via heating pad. All animals received Marcaine (0.5 mL S.C., Pfizer
Canada) for pain management at the incision site. Rats were provided with a wet
mashed rat chow following surgery and recovery was monitored through daily weighing

and health checks.

2.2.6 Enriched Rehabilitation & Training Intensity

Animals in ER training completed four 15-minute sessions of task specific
training daily. Using a modified reaching apparatus,3 rats performed skilled reach
training in individual plexiglass boxes. During these sessions, animals had access to
~200 reward pellets (Dustless Precision Pellets, Primate Purified Diet, Banana Flavor,
45 mg, Bio-Serv) in the well corresponding to their impaired limb. The start of each
session was separated by 1.5 hours (7 am, 8:30 am, 10:00 am, 11:30 am). The weight of
pellets consumed in each session was converted into the equivalent number of pellets
retrieved during the session. Pellets retrieved was used to approximate rehab intensity.

Following completion of task specific training and daily feeding, rats assigned to
ER were removed from their standard housing cages and placed in EE cages for 6 hours
per day (1-7 pm). Animals completed EE within their light cycle, meaning that animals
assigned to standard light cycle completed their EE during the light phase (experiment

1) and animals in the dark cycle completed EE in the dark (experiment 1, 2). Cages used
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for EE were dual level modified wire primate cages (71 cm by 71 cm by 89 cm) that
included different types of wood shavings, small toys (changed twice per week for

novelty), two running wheels, and a ramp between levels (Figure 2-1C).

2.2.7 Hematoma Volume Assay

In Experiment 1, animals were deeply anaesthetized under isoflurane and
euthanized by decapitation 14 days post-ICH. Blood volume of ipsilateral and
contralateral hemispheres was measured using a spectrophotometric hemoglobin
assay,48 as previously modified.445 To control for blood in the vasculature, hematoma
volume (uL) was calculated as:
hematoma volume

= ipsilateral hemisphere blood volume

— contralateral hemisphere blood volume

2.2.8 Total Tissue Loss & White Matter Quantification

In Experiment 2, animals were euthanized at 60 days post-ICH and lesion
volume was calculated.449 Briefly, animals were overdosed with sodium pentobarbital
(Euthanyl, 100 mg/kg I.P., Bimedia-MTC) and transcardially perfused with saline
followed by 10% neutral buffered formalin. Brains were extracted and fixed in formalin
for at least a week, then transferred to a 30% sucrose solution for cryoprotection ~72
hours before cryosectioning. Coronal sections 20 um-thick were taken every 200 pm,
and stained with cresyl violet for lesion volume analysis and white matter atrophy.49 Fiji

(ImagedJ) softwares° was used to quantify both total tissue loss (mm3) and white matter
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atrophy in the corpus callosum (mms3) by a blinded researcher. Total volume of tissue
loss was calculated as:
volume of tissue loss
= volume of normal hemisphere — volume of injured hemisphere,
volume of normal hemisphere
= average (area of hemisphere — area of ventricle
— area of lesion) x interval between sections x # of sections
volume of injured hemisphere
= average (area of hemisphere — area of ventricle

— area of lesion) x interval between sections x # of sections

To assess white matter atrophy, the corpus callosum in each hemisphere was traced
from AP: +1.5 to -0.5, with landmarks identified using the WHS rat brain atlas (v1.01,
RRID: SCR_017124).5 This location encompassed 1 mm of tissue anterior and posterior
to the site of collagenase injection and was reliably present in all brains. Volume of
corpus callosum in each hemisphere was calculated as:
volume of corpus callosum

= average (area of corpus callosum) x interval between sections x

# of sections

2.2.9 Statistical Analysis
In experiment 1, group sizes were selected based on previous work.29 In

experiment 2, group sizes were determined by a priori power calculation with reference
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to the most common marker of neuroprotection, and our primary endpoint, lesion
volume. Using effect size and variance reported in similar work,25 group sizes of n=24
were calculated to give at least 80% power to detect a 30% reduction in lesion volume
with alpha set at 0.05.

All data was analyzed using GraphPad Prism (version 9.3.1 for Mac, GraphPad
Software, San Diego, California). Baseline data was analyzed using ANOVA to assess
group differences; when no baseline differences were found, all raw data was analyzed
and reported. In experiment 1, two-way ANOVA was used to assess baseline reaching
data, ladder walking success, rehab intensity, and hematoma volume. Three-way
ANOVA was used to compare repeated measures reaching data. Beam walking data was
analyzed using the Kruskal-Wallis test at baseline and day 14. In experiment 2, one-way
ANOVA was used to assess baseline reaching data, hemispheric differences in corpus
callosum, and lesion volume. Two-way ANOVA was used to compare repeated measures
reaching data. When multiple groups were compared, ANOVA with Tukey’s or Sidak’s
post hoc test was used. Data are reported as mean + 95% confidence interval (CI),
except for the beam walking data which are reported as median + interquartile range

(IQR).

2.3 Results

2.3.1 Mortality & Exclusions
See Table 2-1 for analyzed group sizes and exclusions; note that no animals were

excluded based on their post-injury level of impairment.
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There was no unexpected mortality in experiment 1. Ten animals were fully
excluded from analysis, while an additional 5 animals were partially excluded and
removed from analysis (beam test, n=2; ladder walking task, n=3).

In experiment 2, 2 animals died unexpectedly during surgery, presumably due to
complications with anaesthetic dosage. Seven animals were partially excluded and
removed from analysis (skilled reaching, n=3; lesion volume, n=1; corpus callosum

volume, n=3).

2.3.2 Experiment 1
2.3.2.1 Reaching success

There was no significant difference in baseline reaching abilities among groups
(Figure 2-2A; light cycle, p=0.8910; treatment, p=0.8491; interaction, p=0.2626). As
anticipated, all groups were impaired on day 4 after ICH (time main effect, p<0.0001)
and impairment persisted to day 14 (p<0.0001, two-way ANOVA with Tukey’s multiple
comparisons test). Three-way ANOVA detected a main effect of time (p<0.0001) but no
main effect of light cycle (p=0.3286), treatment (p=0.6246), or any interaction
(p>0.1371). While the ER-D10 group retrieved the greatest number of pellets on average
at day 14, this result was not significantly different from the other groups (p>0.2171,

two-way ANOVA with Tukey’s multiple comparisons test).
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Figure 2-2 Results of Experiment 1. A Reaching success in staircase task. All groups
displayed notable impairment after ICH (vs. baseline, persistent out to 14 days) but no
effect of light cycle or treatment was detected. B Percent success of correct paw placement
of contralateral forelimb on the ladder walking task. Three-way ANOVA detected a main
effect of time and light cycle but not treatment. C Residual hematoma volume (uL)
measured 14 days after ICH. Two-way ANOVA did not detect an effect of light cycle or

treatment. Individual data points are shown along with the mean + 95% CI
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2.3.2.2 Rehabilitation Intensity

Rats gradually increased pellets retrieved over time (time main effect, p<0.0001),
(Figure 2-3A). Light cycle did not alter reaching intensity (light cycle main effect,
p=0.2918), however an interaction was present (p=0.0015). Sidak’s multiple
comparisons test determined the groups were significantly different only at day 14
(p=0.0167). Rats tended to reach somewhat more on the initial daily rehab session, and
this declined over the four sessions within each day of rehab, presumably as they got
satiated. This pattern of results varied modestly over days and groups, but without any
meaningful pattern or obvious explanation for the failure to find behavioural
improvements. The average number of pellets retrieved per trial from day 5-14 was
118.3 (95% CI: 97.71, 138.8) in the ER-L10 group and 107.1 (95% CI: 94.95, 119.3) in the

ER-D1o0 group.

2.3.2.3Beam Walking Task
All groups performed similarly at baseline (p=0.5855) and at day 14 (p=0.6729).

Median beam walking score was 7 (7-7 IQR) in all groups at baseline. Nearly all animals
received a perfect test score at day 14, suggesting that the beam walking assessment was
not particularly sensitive to our injury. Median beam walking score was 7 (7-7 IQR) in

ER-D10, ER-L10, and CON-D and 7 (6.5-7 IQR) in CON-L (data not shown). Rehab did

not impact beam walking success.

2.3.2.4 Ladder Walking Task
Two-way ANOVA showed all groups performed similarly at baseline (light cycle,

p=0.1530; treatment, p=0.7316; interaction, p=0.3441). With no baseline differences,
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raw data were analyzed (Figure 2-2B). Three-way ANOVA detected a time main effect
(p=0.0095) and light cycle (p=0.0060) but failed to detect a treatment effect
(p=0.4062) or interactions (p>0.0570). Animals in the dark performed better than
animals in the light, and this effect was likely driven by the uniform scores in the CON-D
group at day 14. Owing to heterogeneity of variance in some of these data, we further
analyzed it with several statistical tests (e.g., t-tests and non-parametric statistics). Post-
hoc analysis revealed that the ladder task was not particularly sensitive to the stroke,
and as such, we could not clearly assess whether rehab impacted walking success. For
instance, there was no significant time effect (baseline vs. day 14) for just the control
groups, nor was there any evidence of benefit with either rehab treatment on the test

day (statistics not shown).

2.2.2.5 Hematoma volume

Residual hematoma volume at day 14 was ~17 uL on average (Figure 2-2C). Two-
way ANOVA did not detect an effect of light cycle (p=0.3874), treatment (p=0.9073), or

interaction (p=0.5478). Thus, rehab did not impact hematoma resolution.
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Figure 2-3 Rehabilitation Intensity. Figures represent the average number of pellets
successfully retrieved per training session on each day. A Experiment 1: rats in ER-L10
and ER-D10 groups completed 4 daily rehab training sessions days 4-12 and 2 sessions
on days 13-14. B Experiment 2: rats in ER-D10 and ER-D20 groups completed 4 daily
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days 19-28. All data presented as mean + 95% CI
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Figure 2-4 Results of Experiment 2. A Reaching success in the staircase task was not
improved by rehab. All groups displayed notable impairment after ICH (day 4). Multiple
comparisons showed a main effect of time at all levels of comparison, except between day
16 and 30. We failed to detect an effect of treatment. B The volume of ipsilesional corpus
callosum was smaller than contralateral; no effect of treatment was detected. C Lesion
Volume (mm3) measured 60 days after ICH; no effect of treatment was detected. D
Coronal section of rat brain at 60 days displaying lesion cavity (outlined in black),
ipsilesional ventriculomegaly (*), and atrophy of ipsilesional corpus callosum (black
arrow). Subject in image had a total lesion volume of 38.8 mms3, approximately the
average observed across groups. Individual data points are shown along with the mean +
95% CI

111



2.3.3 Experiment 2

2.3.3.1 Reaching Success

All groups performed similarly at baseline (p=0.7906, Figure 2-4A). As
anticipated, all groups displayed impairment after ICH (time main effect, p<0.0001) but
we failed to detect a treatment effect (p=0.8275) or interaction (p=0.3673). Tukey’s
multiple comparisons test showed a main effect of time at all levels of comparison
(p<0.0001), except between day 16 and 30 (p=0.1293). Thus, rehab did not improve

reaching success, which mirrors the results from our 14-day survival experiment.

2.2.3.2 Rehabilitation Intensity

The average number of pellets retrieved per trial from day 5-14 was 110.2 (95%
CI: 103.1, 117.4) in the ER-D10 group and 121.3 (95% CI: 116.3,126.2) in the ER-D20
group and did not differ significantly on any day (p = 0.3556; Figure 2-3B). The average
number of pellets retrieved per trial from day 19-28 was 134.4 (95% CI: 125.7, 143.1). As
in Experiment 1, rats tended to reach somewhat more on the initial daily rehab session,
and this declined over the four sessions within each day of rehab, presumably as they
got satiated. Again, this pattern of results varied modestly over days and groups, but

without any meaningful pattern.

2.3.3.3 White Matter Quantification

The volume of corpus collosum remaining in the ICH hemisphere was
significantly smaller than in the contralesional hemisphere (p=0.001) in all groups. No

effect of treatment was detected (treatment, p=0.6898; interaction, p=0.5495, Figure 2-

4B).
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2.3.3.4 Volume of Tissue Lost

All groups had significant tissue loss at 60 days as a result of cell death in
striatum, white matter loss, and atrophy (Figure 2-4C). Treatment duration did not
impact the volume of tissue lost (p=0.5021), with an average of ~40 mms3 volume across

groups.

2.3.4 Post-Hoc Pooled Analysis

Data from both experiments were pooled into ER10 (n=70) and CON (n=43). A
two-way ANOVA revealed a main effect of time (p<0.0001), but no significant treatment
effect (p=0.5318) or interaction (p=0.066). Compared to baseline, rats retrieved 10.85
fewer pellets (95% CI: 9.82, 11.88) on day 4, and 7.93 fewer pellets (95% CI: 6.96, 8.90)
on day 14/16. Groups were not significantly different after ICH (day 4, p=0.999; day
14/16, p=0.146); treatment effect size on day 14/16 was an improvement of 1.32 pellets
retrieved (95% CI: -0.31, 2.95) vs. day 4). Thus, rehab did not notably change reaching
success. This analysis had >99% power to detect a 3-pellet difference (one level of the

staircase), a minimum effect we believe would signify biological importance.
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Figure 2-5 Post-hoc analysis of pooled data. Data from both experiments were pooled
into ER10 (n=70) and CON (n=43) groups. A main effect of time (stroke-induced
impairment) was readily evident on day 4 (10.85 fewer pellets retrieved [95% CI: 9.82,
11.88] vs. baseline), and on day 14/16 (7.93 fewer pellets retrieved [95% CI: 6.96, 8.90]
vs. baseline). No significant effect of treatment was present (treatment effect size on day
14/16 was an improvement of 1.32 pellets retrieved [95% CI: -0.31, 2.95] vs. day 4).
Despite >99% statistical power to detect a 3-pellet difference, one level of the staircase
task and presumably a minimum biologically meaningful effect, groups were not
statistically different from each other after ICH. Individual data points are shown along
with the mean + 95% CI

2.4 Discussion

Despite high-intensity training at a level and complexity comparable to previous
work,20,52 three rehab protocols (ER-D10, ER-L10, ER-D20) failed to improve
behavioral recovery after striatal ICH on our primary behavioural endpoint: skilled
reaching. Contrary to previous work,2529 rehab did not affect hematoma resolution or
cell death. Our results highlight the difficulty of improving functional recovery of skilled
movements after striatal bleeds, and the difficulty with reproducing or extending

previous work. The latter undoubtedly contributes to translational failures.39
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ER has been accepted as an effective intervention after experimental
ischemic24.26.27 and hemorrhagic strokes.3.20,25 Likewise, other rehab methods, such as
EEs53 and running!4-54 have been found beneficial. However, with these protocols,
negative findings have been reported, and likely there are similar unpublished data. For
instance, EE was of minimal benefit in several ICH studies555¢ and forced running was
ineffective in one study.23 Studies also vary in the choice of behavioural tests and the
timing of assessment; these factors may influence the apparent level of benefit observed
(e.g., one test may be more sensitive to smaller treatment effects). Additionally, timing
of assessment, differing sensitivity to lesion size, and degree of transference between
rehab and skill assessment tasks may account for some of the reported differences in
functional outcomes. Negative findings are generally dismissed owing to potential
statistical (e.g., lack of power and bad luck), model (e.g., stroke severity), assessment
(e.g., type and timing of testing), and treatment protocol issues (e.g., timing and
intensity of rehab). Notwithstanding the aforementioned factors, the imprecise
estimates of treatment effects, arising from small sample sizes, should not be
underestimated for its contribution to study-to-study variability in outcome. In this
study, we expected all of our ER treatments to improve skilled reaching given that
comparable studies reported substantial effects in this ICH model20.25.52 and the
autologous whole blood model.!3 Since we used similar or identical methods (ICHs,
rehab methods, and assessments) to past studies, one might surmise that statistical
issues were at play, including bad luck or inadequate power. On the former, we made
four independent tests of whether ER improves reaching and assessed both early (~14
days) and late (~31 days) into recovery. Further, we explored whether increasing ER

treatment from 10 to 20 days would improve outcome. It did not. The net result yields
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no evidence for benefit despite multiple comparisons employing large groups sizes.
Additional post-hoc analysis of ER and CON data pooled from both experiments (>99%
power to detect a 3-pellet difference) showed only a slight non-significant trend in
skilled reaching improvement in favour of ER when measured ~2 weeks after ICH,
which is not reasonably expected to be of biological significance. As such, the
publication of negative data is crucial39 to be considered along with other data in meta-
analyses in order to accurately gauge treatment efficacy. As well, only with definitive
evidence of efficacy can we truly make progress on confidently attributing cause to any
mechanism(s) of action.

Our histological analysis showed typical ICH damage including: a lesion cavity,
ventriculomegaly and hemispheric atrophy. Contrary to earlier work2529 and regardless
of duration, ER failed to reduce injury. Use of ER also did not affect hematoma
resolution in contrast to Williamson et al.’s study, where ER beginning one week after
ICH substantially accelerated hematoma clearance in two experiments.29 As previous
work characterizing recovery after ICH demonstrated comparable behavioural
impairment and tissue loss,3 we are confident that we induced a moderate ICH in these
studies that should have been amenable to treatment (e.g., no floor or ceiling effects in
the reaching task). Despite using ER during a well-established period of ongoing
injury,2452 the absence of behavioural and histological benefit in this study may
ultimately stem from the lack of effect on hematoma clearance for whatever reason. If
so, we surmise that when hematoma clearance is accelerated, injury is attenuated and
behaviour is improved.

Interestingly, we found no meaningful difference in the average rehab intensity

between groups who completed intervention in the light or dark phase of their housing
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cycles. This differs from MacLellan and colleagues, who found that following ischemia,
rats completing ER during the dark phase were more engaged in rehab than those that
completed the same task in the light phase.27 It should be noted that not all rehab
protocols successfully replicate beneficial findings — in fact, the MacLellan study
initially investigated rehab in the standard light cycle and failed to obtain benefit. As
rats in the dark group completed ~230 successful reaches vs. ~150 in the light, it was
postulated that a certain threshold of intensity must be met to drive recovery. Rats in
our experiments certainly exceeded this threshold, often reaching successfully more
than 400 times/day. Perhaps treatment-induced recovery after ICH differs from
ischemia, including that high therapeutic intensity may negatively impact rehab efficacy.
Location is also likely a factor, with striatal injury perhaps less amenable to rehab than
injury involving the cortex.2”

Many consider earlier interventions to be more beneficial to recovery than
delayed interventions,2¢ with early mobilization being a common recommendation in
clinical guidelines.5” However, the best timing, intensity, and frequency of intervention
is yet to be elucidated. Evidence from the AVERT clinical trial found that higher dose,
early, intense out of bed mobilization in the first days after stroke may reduce odds of
favourable outcome.58 Subgroup analysis showed this effect to be most prominent for
those with severe stroke and ICH,58 with further analysis showing that increased
frequency (number of mobilization events) but not increased intensity (time out of bed)
was associated with improved outcomes.59 While other pre-clinical studies have
reported benefit of various rehab paradigms beginning as early as 1 day after ICH, many
fail to report the key parameters necessary to interpret treatment dose, such as

treatment frequency and intensity. This poses a challenge to researchers and clinicians
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attempting to translate pre-clinical findings into clinical success. Here, we utilized a
well-established therapy, with minor modifications to previously published work.
Animals actively engaged with this treatment (both in reaching and EE) and overall
achieved a high dose of therapy beginning at a time thought to be safe, yet we were
unable to find comparable results to similar studies. Perhaps differences among
treatment protocols (e.g., a day 5 vs. day 7 start; 6 hours EE vs. 10 hours EE; training
sessions spaced 1.5h vs. 2h apart; treatment in light vs. dark) underlie study outcome
differences (e.g., longer EE may provide additional benefits). However, these findings
likely speak to the “replication crisis” of biomedical research, where reducing variability
in our groups to achieve higher internal validity, often comes at the sacrifice of external
validity and therapeutic translation.t° If so, these results speak to the finicky and

challenging nature of translating therapeutic parameters to work in humans.

2.5 Conclusion

Despite group sizes up to three times the average typically reported in pre-clinical
ICH neuroprotection research (n=8),38 our results show that intense ER beginning 5
days after ICH failed to improve outcome when assessed at day 14, during a period of
ongoing cell death, and out to day 60, after cell death is believed to be complete. These
results underscore the importance of studying rehab after ICH, and the necessity for
future work to be conducted with higher power and factors that may impact translation

in mind.
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Chapter 3 | Motor rehabilitation provides modest functional
benefits after intracerebral hemorrhage: a systematic review and

meta-analysis of translational rehabilitation studies
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3.1 Introduction

Stroke is a leading cause of death and disability worldwide,! with >12 million
cases reported annually.2Despite representing only 10-20% of all cases, hemorrhagic
stroke is responsible for ~60% of the global burden of stroke.3-4 Intracerebral
hemorrhage (ICH), caused by the rupture of cerebral vasculature and bleeding into the
brain, is particularly devastating due to high mortality and disability. Analysis of burden
of disease by stroke subtype highlights the disproportionate impact of ICH: while
ischemia is associated with 4.6-5.9 disability-adjusted-life-years (DALYs),5 ICH ranges
from 8.1-12.6 DALYs.6 Although advances in the diagnosis, treatment, and management
of stroke have led to decreased mortality in recent decades, 50-60% of survivors live
with persistent impairment or disability.47 Tasks that require high levels of dexterity or
motor coordination can be challenging for survivors, as ~80% will experience some
degree of transient or permanent paresis in one or more limbs.8 As a result, many
survivors live with impairments that limit participation in activities of daily living,
making functions that enable independence (e.g., walking, reaching, grasping, and using
the impaired limb) common targets of rehabilitation.

Neurorestorative interventions, such as physical and occupational therapy,
attempt to harness principles of experience dependent plasticity to restore, recruit, and
retrain circuitry in the injured brain,9 thereby improving function and lessening
disability. Several motor rehabilitation interventions have been used in preclinical
settings to gain insight into functional and neurological recovery after ICH.
Environmental enrichment (EE; or enriched housing) is social housing that introduces
novel elements (e.g., toys, tubes, running wheels, ramps, multiple levels) to create a

more stimulating cage environment. Early studies of EE after ischemic stroke found that
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treated rodents showed greater behavioural recovery compared to those in social
housing alone or solo housing with running wheel access.!° Skilled reach training
(REACH) uses massed practice of forelimb fine motor skills through repetition of tasks
like the Montoya Staircase test,!! tray task,2 and single pellet reaching task.12 Two
related therapies, forced limb use (FLU) and constraint-induced movement therapy
(CIMT), involve restraint of the unimpaired limb to encourage use of the impaired limb,
thereby preventing learned non-use.!3 Unlike FLU, CIMT pairs restraint with task
specific training (e.g., REACH) and/or an exercise (EX) battery (e.g., REACH, wheel
running, ladder walking, etc.) to maximize treatment efficacy through massed practice.
Aerobic exercise (AE) is a running-based intervention; under voluntary exercise
conditions, animals have free access to a running apparatus (e.g., running wheel) over a
designated period. In contrast, under forced exercise, animals are placed into a running
apparatus (e.g., treadmill, rotarod, rotating wheel) where the device is set to a
prespecified speed or distance over the intervention period. Enriched rehabilitation
(ER), combines REACH with EE to synergize the effects of both therapies.4 Finally,
acrobatic training (AT; or motor skills training) is a complex rehabilitation paradigm
comprised of elevated rope ladder walking, elevated grid platform walking, traversing a
thick rope, traversing parallel bars, and crossing a series of irregular platforms.!s
Current guidelines recommend all individuals begin rehabilitation once medically
stable and able to actively participate in treatment.?6 However, despite numerous
promising clinical trials and preclinical studies exploring rehabilitation after stroke, few
certainties exist regarding optimal treatment type, timing, or dose.?” Clinical studies
must often rely on surrogate measures to explore mechanisms of recovery, making

preclinical studies often better suited for exploration of mechanisms, in part owing to
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the complexity, cost, and ethics of conducting such research in patients. Although an
essential component of post-stroke care for all patients, most insight into treatment and
recovery after stroke has been gained from animal models of cerebral ischemia.’8 These
studies provide evidence for a critical period after stroke where endogenous repair
processes are heightened and rehabilitation interventions are most effective,9 a
phenomenon later supported with clinical evidence.2° Preclinical studies have also
demonstrated that early and intense rehabilitation can exacerbate injury and worsen
functional outcomes after cortical lesion, likely triggered by use-dependent
responses.2:22 However, when given with a short delay, others have reported that a
critical threshold of intensity must be met for rehabilitation to mediate functional
recovery.23 No single experimental model of injury can perfectly reproduce the
heterogeneous clinical pathology and presentation of stroke; therefore, these
experimental findings may not hold true across all types of brain injury. Although some
have explored the effect of post-stroke rehabilitation on functional recovery,
neuroprotection, or neuroplasticity,24-26 a comprehensive review of the effects of post-
stroke rehabilitation on recovery of motor function has not been conducted for
preclinical ICH. Owing to fundamental differences in mechanisms of injury between
ischemia and ICH (e.g., greater role of mechanical injury and neurotoxicity in ICH) and
the differential impact of additional mediators (e.g., post-stroke fever),27 calls for
subtype specific exploration of treatment and rehabilitative therapies are well
justified.28:29

This systematic review and meta-analysis aimed to: (1) identify and characterize

common motor rehabilitation interventions used after preclinical in vivo models of ICH;
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(2) assess the scientific and translational quality of this literature; and (3) analyze the

efficacy of post-ICH rehabilitation on recovery of motor function.

3.2 Methods

Our search protocol was developed using PRISMA guidelines and adapted from
the PICOS (Patients, Intervention, Comparison, Outcomes, Study designs) framework
and registered with PROSPERO (CRD42021227134). The search strategy was developed
to identify all articles that used an animal population to model ICH (P), a post-stroke
motor rehabilitation intervention (I), compared to no-treatment (C), and evaluated
rehabilitation efficacy in at least one motor outcome (O) following experimental

induction of ICH (S).

Table 3-1 Search Term Keywords
Search Term Keywords

S1 Rehabilitation  rehabilitation OR rehab OR exercise OR motor-therapy OR physical-
therap* OR physiotherap* OR aerobic-training OR running OR walking
OR treadmill* OR constraint-induced-movement-therapy OR
mobilization OR mobilisation OR forced-use-therapy OR enrichment
OR environmental-enrichment OR enriched-rehabilitation OR training
OR reach* OR grasp*

S2 Stroke Type cerebral-hemorrhage* OR cerebral-haemorrhage* OR intracerebral-
hemorrhage* OR intracerebral- haemorrhage* OR intracranial-
hemorrhage* OR intracranial-haemorrhage* OR intracerebral-bleed
OR cerebral-hematoma* OR hemorrhagic-stroke* OR haemorrhagic-
stroke*

S3 Population rat OR rats OR mouse OR mice OR rodent* OR primate OR canine OR
murine OR non-human OR animal-model
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3.2.1 Search Strategy

An electronic records search of the databases Academic Search Complete,

Medline, EMBASE, CINAHL, and PubMed Central was completed on March 12, 2021,

and again December 14, 2022, to identify all eligible records published up to December

14, 2022. Search terms (Table 3-1) were compiled by subject: rehabilitation, stroke type,

and population. To ensure accuracy, search term formatting was tailored to each

database (see Appendix A). Results were entered into Covidence software (Veritas

Health Innovation, Melbourne, Australia) and duplicates were removed. Two reviewers

(BF, MM/FC) screened titles and abstracts against a priori criteria (Table 3-2); articles

proceeded to full-text review in cases of disagreement. Full-text review was completed

by two reviewers (BF, MM/FC); disagreements were discussed, and if agreement was

not reached a tie-breaking vote was completed (FC).

Table 3-2 Inclusion and Exclusion Criteria for Abstract and Full-Text Screening

Screening Include Exclude
Abstract 1. Stroke type is ICH 1. Stroke type is not ICH
2. Study type is animal 2. Not an animal study
3. Therapy is motor rehabilitation 3. No behavioural intervention
intervention
*If unclear from abstract, study continued
to full text review
Full Text 1. Stroke type is ICH 1. Stroke type is not ICH

2. Study type is animal

3. Therapy is motor rehabilitation
intervention

4. Motor outcome assessment
present post-treatment

5. Control group present

6. Full text available in English
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2. Not an animal study

3. No post-stroke behavioural intervention
4. No motor outcome assessment post-
treatment

5. No appropriate comparator group
present

6. Full text unavailable in English



3.2.2 Inclusion and Exclusion Criteria

Articles that used an in vivo animal model of ICH regardless of species, strain,
co-morbidities, or ICH model were eligible; clinical studies, in vitro studies, or in vivo
studies that did not include motor assessment or were completed in a non-ICH animal
model of stroke were ineligible. If rehabilitation was delivered pre-stroke, not a motor
intervention, failed to assess motor function (e.g., learning or memory task,
physiological outcome), or was paired with an adjuvant treatment (e.g., drug,
hypothermia) it was ineligible. Articles that did not have an appropriate comparator
group (i.e., no treatment group), only compared to another rehabilitation intervention,

or were unavailable in English were excluded.

3.2.3 Data Extraction

Descriptive characteristics were extracted by one reviewer (BF) and validated by
a second (MM/NS). Extracted characteristics included author names, publication year,
animal population (species, strain, sex, age, co-morbidities), ICH model, anaesthetic,
survival time(s), use of blinding and randomization, rehabilitation type, behavioural
outcomes measured (e.g., reaching success, ladder walking error rate, spontaneous
forelimb use, etc.), and histological outcomes of severity (i.e., lesion volume, hematoma
volume). Treatment parameters (i.e., type, timing, period, duration, frequency,
intensity, and dose) were operationalized (Table 3-3) to create a standardized
terminology for interpreting and extracting data.3° Extracted parameters were used to
calculate total treatment dose and reported as the total number of repetitions or running

distance achieved over the intervention period and total time in treatment (i.e., hours).
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Efficacy of post-ICH rehabilitation on motor function was our primary meta-
analytical endpoint. A motor outcome was eligible for meta-analysis if data were
available from >3 articles that assessed the same domain of recovery (e.g., skilled
reaching) using the same or equivalent tasks (e.g., reaching success in the staircase task
or single pellet task). Motor outcomes were grouped into forelimb, locomotor, and
composite neurobehavioural assessments. Forelimb assessments included skilled
reaching success (e.g., staircase test, single pellet task) and spontaneous use of the
impaired forelimb (i.e., cylinder task). Locomotor assessments included walking success
(e.g., success or error rate in ladder walking, beam walking score), walking speed, and
distance travelled. Composite neurobehavioural assessments included global
impairment rating scales such as the neurological deficit score (NDS), motor deficit
score (MDS), and modified neurological severity score (mNSS). While test batteries and
scoring systems differ among these assessments, all rate performance in multiple tests
to create a single score representing impairment across several functional domains (e.g.,
paw asymmetry, grip strength, mobility, balance, response to stimuli, etc.). Mean and
standard deviation (SD) were extracted for all treatment and control groups for
parametric data (i.e., skilled reaching, ladder walking), with median and interquartile
range (IQR) extracted for non-parametric data (i.e., beam walking, composite
neurobehavioural tests). When data was not explicitly reported, values were measured
and calculated from figures using WebPlotDigitizer (version 4.6, Ankit Rohatgi, 2022).

As reporting multiple experiments or intervention groups within the same article
is common in preclinical rehabilitation, group sizes, treatment parameters, outcomes,

and timing of outcome assessment were extracted for each intervention within an article
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that met inclusion criteria. When multiple intervention groups were extracted from an

article, groups were identified as Author (year)a, Author (year)b, etc.

Table 3-3 Standardized Terminology and Definitions for Preclinical Rehabilitation

Interventions
Parameter Definition Report As
Type Activities/tasks that make up the Descriptive characteristics

intervention and how they are delivered

Timing Onset of rehabilitation after ICH Hours, days, or weeks after stroke induction
(ICH surgery=day 0)
Period Time over which the intervention occurs  Hours, days, or weeks
(between onset and end of therapy)
Duration The length of a single treatment session, Mins, hours, days, or weeks
defined for each activity/task in the
intervention
Frequency How often the treatment was Sessions/day and days/week
administered within the treatment
period, defined for each activity/task in
the intervention
Intensity A measure that provides an estimate of ~ AE: walking/running speed (m/s),
treatment participation/exertion, walking/running distance (m)
defined for each activity/task in the EE: time in enrichment (hours/day)
intervention FLU: time in restraint (hours/day)
REACH: number of repetitions (average
number of pellets retrieved per trial)
AT: walking distance (m), number of
repetitions
ER: see EE + REACH
EX: see AE, REACH; may also require
walking distance (m) and/or number of
repetitions
CIMT: see FLU + REACH
Total The total amount of treatment received  AE: total walking/running distance (m)
Treatment over the intervention period, reported EE: total time in enrichment (hours)
Dose for each activity/task in the FLU: total time in restraint (hours)

intervention; calculated using treatment
period, duration, frequency, and
intensity
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REACH: total number of repetitions
completed (pellets retrieved)

AT: total walking distance (m), total
number of repetitions

ER: see EE + REACH

EX: see AE, REACH; may also require total
walking distance (m) and/or total number
of repetitions

CIMT: see FLU + REACH



3.2.4 Study Quality and Risk of Bias

Study quality was assessed using the CAMARADES checklist,3! with articles rated
as yes, unclear, or no for their compliance. Two small modifications were made to the
checklist to adapt it for our use: blinded ICH-induction or post ICH-randomization
(checklist item 4) and inclusion of comorbidities relevant to ICH (checklist item 7) such
as old age, hypertension, diabetes, etc. The SYRCLE Risk of Bias tool and accompanying
signalling questions were used to judge each article across multiple domains of bias.32
Articles were rated for each domain as low-, unclear-, or high risk. Caregiver blinding
(performance bias) was not rated, as it is near impossible for preclinical researchers to
be blinded to rehabilitation delivery. A rating of unclear was given when reviewers
deemed there was insufficient and/or inconsistent reporting of detail to accurately judge
compliance with the checklist item or signalling question. For both CAMARADES and
SYRCLE assessments, two independent reviewers (BF/NS) rated each article, with
rating disagreements resolved through discussion. Owing to inclusion of several articles
from the authors’ laboratory, FC was excluded from the assessment process to prevent

unpublished details from influencing reviewer judgements.

3.2.5 Statistical Analysis

Statistical analyses were conducted in R (v.4.3.0; R Core Team, 2023) using
RStudio (v.2023.3.1.446; Posit Team, 2023) and the tidyverse,33 meta,34 and dmetar
packages.353% Due to variations in experimental designs and intervention protocols,
effect sizes were calculated using random effects meta-analysis with the DerSimonian-
Laird estimator and the inverse variance method for weighting. Subgroups were

determined by intervention type (AT, AE, CIMT+FLU, ER, REACH) — if an intervention
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type was explored in <3 articles, it was relegated to OTHER. Rehabilitation efficacy was
assessed overall and by subtype for three domains of motor recovery: skilled reaching,
spontaneous impaired forelimb use, and locomotor function. To account for small
samples sizes and variations in methodology, skilled reaching and ladder walking effect
sizes were calculated as Hedge’s G standardized mean difference (SMD) with 95%
confidence intervals (CI).37 When necessary (i.e., when ladder data was reported as error
rates), a correction factor of -1 was applied to the data to maintain consistency in
direction of effect across interventions.37 As all articles that assessed spontaneous
impaired forelimb use in the cylinder task reported results as percent impaired forelimb
use, effect sizes were calculated as mean difference (MD) with 95% CI. Egger regression
was used to assess asymmetry in the funnel plots and possible publication bias; trim-
and-fill analysis was conducted if asymmetry was detected. A priori sensitivity analyses
were conducted to evaluate the impact of study quality on both treatment efficacy and
heterogeneity in our results — interventions from articles that scored <4 on the
CAMARADES checklist were removed and the updated datasets were re-analyzed as
above. To explore the impact of experimental design and treatment parameters on
rehabilitation efficacy, secondary analyses were completed for each endpoint using
subgroups differentiated by timing of treatment onset, stroke severity, total treatment

dose, and CAMARADES score.

3.3 Results

Our search identified 1124 articles (944 March 2021, 180 December 2022).

Following screening and full-text review, 30 articles met the eligibility criteria (Figure 3-
1).
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3.3.1 Descriptive Characteristics

Experimental design characteristics were generally homogenous (Table A-1
Appendix A). All used rodents (Figure 3-2a) <1 year old; 28/30 used males, whereas 1
used females, and 1 was unspecified. The collagenase model was heavily favored (29/30)
over the autologous whole blood model, with injury predominately targeting the
striatum (26/30). Thirteen articles reported >2 eligible intervention groups (i.e., not
confounded by adjuvant treatments), resulting in the identification of 48 rehabilitation
interventions that assessed efficacy of post-ICH rehabilitation on motor recovery
(Figure 3-2b). Histological assessment of stroke severity (lesion or hematoma volume)
was included in the methods of 34/48 interventions; however, we could not identify the
full range of stroke severity studied as results were often unreported or unclear (e.g.,
assessed in one brain slice). Rehabilitation interventions were grouped into six
categories: AE,38-47 ER,48-53 CIMT+FLU,54-58 REACH,59-62 AT,15.63.64 and OTHER
(complex exercise,54 EE,5 walking,59-61 swimming®¢). Treatment onset ranged from 6
hours to 17 days post-ICH. Most interventions assessed efficacy in >2 behavioural
endpoints (35/48); timing of latest functional efficacy assessment ranged from 25 hours
to 60 days. Total time spent in treatment ranged from 2 hours to 49 days. Table 3-4
describes the modifiable treatment parameters, total treatment dose, largest group size
analyzed in functional endpoints, and comparator group for each of the 48

interventions.
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Articles identified through
database search
n=1124

l

Articles title and abstract
screened
n = 554

> ( 570 duplicates removed )

l

Full-text articles assessed for
eligibility
n=48

> ( 506 articles excluded )

l

Articles included in qualitative
analysis
n=30

( incuded )( Eiigibiity ) Screening ) ( Identification )

18 articles excluded |

missing motor
outcome assessment
post-treatment

(n=11)

missing appropriate
comparator group
(n=9)

pre-ICH treatment
(n=1)

stroke not ICH (n = 1) )

Figure 3-1 PRISMA flowchart of records identified through database searching
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B Rat-Wistar (n=15) B AE (n=15)
@ Rat-Sprague-Dawley (n=13) @ ER (n=10)
O Rat-Long Evans (n=1) O CIMT+FLU (n=7)

= Mouse-C57BL/6J (n=1) B REACH (n=6)

B AT (n=3)
B OTHER (n=7)

Total=30 Articles Total=48 Rehabilitation Interventions

Peer reviewed

Temperature control during ICH
surgery|
Reported random allocation to groups

Blinded ICH induction OR post-ICH
randomization

Blinded outcome assessments

Used anaesthetic(s) without intrinsic
neuroprotective effects

Included comorbidities relevant to ICH

Described sample size calculation

Statement on compliance with
animal welfare regulations

Explict conflict of interest statement

0:'/0 2.’;% 5{;% 75l% 10EI%
CAMARADES Compliance [ Yes O Unclear B No |

d Sequence generation
(Selection bias)

Baseline characteristics

(Selection bias)

Allocation concealment

(Selection bias)

Random housing

(Performance bias)

Caregiver blinding

(Performance bias)

Random outcome assessment
(Detection bias)

Blinding

(Detection bias)

Incomplete outcome data
(Attrition bias)

Selective outcome reporting
(Reporting bias)

Other sources of bias
(Other)-
O‘I’/B 2!':% SDI% TSI% 1 06%
[SYRCLE Risk of Bias B Low O Unclear B High O Not Rated |
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Figure 3-2 Summary of experimental characteristics, study quality, and risk of bias in
eligible articles (n=30). A Model population (species and strain); no article reported use
of multiple species or strains. B Breakdown of the types of rehabilitation interventions
(n=48) used after preclinical ICH where 48 unique intervention groups were identified
across 30 articles. C Summary of article quality assessed by compliance with 10 item
CAMARADES checklist (n=30). Article quality ranged considerably (2-8), with a median
score of 4. D Summary of SYRCLE Risk of Bias tool (n=30). Risk of bias was
predominately unclear, as articles often lacked sufficient detail to determine how/if risk
of bias was minimized
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Table 3-4 Descriptive Characteristics of Rehabilitation Interventions

Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
DeBow FLU Unimpaired 7 days FLU 1 FLU [8 hours] FLU][S8 FLU [56 hours] ICH, Striatum
2003a54 [n=9] limb [7 days] continuous hours/day] solo [44 mms3 at
restrained session housed 60 days]
daily] [n=11*]
*shared
DeBow
2003 a,b,c
DeBow CIMT Unimpaired 7 days FLU [1 FLU [8 hours] FLU][S8 FLU [56 hours] ICH, Striatum
2003b54 [n=11] limb [7 days] continuous EX* [1 hour] hours/day] EX* [7 hours] solo [44 mm3 at
restrained + session *REACH [30 EX* [varied] *REACH housed 60 days]
Exercise daily] mins]; *REACH [repetitions NR; [n=11*]
[REACH (tray EX [1session cylinder [10 [repetitions NR]; 3.5 hours]; *shared
task), cylinder, daily] mins]; ladder cylinder [NR]; cylinder [70 DeBow
ladder walking [10 ladder walking [3x  mins]; ladder 2003 a,b,c
walking, wheel mins]; AE [10 1m ladder walking [21 m, 70
running] mins] crosses/session]; mins]; AE [70 m,
AE[10 min 10 70 mins]
mins]
DeBow EX Exercise 7 days EX[1session EX*[1hour] EX* [varied] EX* [7 hours] ICH, Striatum
200354 [n=9] [REACH (tray | [7 days] daily] *REACH [30 *REACH *REACH solo [44 mms3 at
task), cylinder, mins]; [repetitions NR]; [repetitions NR; housed 60 days]
ladder cylinder [10 cylinder [NR]; 3.5 hours]; [n=11*]
walking, wheel mins]; ladder ladder walking [3x  cylinder [70 *shared
running] walking [10 1m ladder mins]; ladder DeBow
mins]; AE[10  crosses/session]; walking [21m, 70 | 2003 a,b,c
mins] AE [10 min 10 mins]; AE [70 m,
mins] 70 mins]
MacLellan CIMT Unimpaired 14 days FLU [1 FLU [8 hours] FLU][S8 FLU [56 hours] ICH, Striatum
200555 [n=15] limb [7 days] continuous EX* [1 hour] hours/day] EX* [7 hours] housing [81 mm3 at
restrained + session *REACH [30 EX* [varied] *REACH unknown 60 days]
Exercise daily] mins]; AE[30 *REACH [repetitions NR, [n=15]
[REACH (tray EX[1session mins] [repetitions NR]; 3.5 hours]; AE
task), wheel daily] AE [speed NR] [distance NR, 3.5
running] hours]
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Auriat AE Forced 14 days AE [1session AE [60 mins] Week 1[5.5 AE [4812.5 m, 10 ICH, Striatum
200638 [n=17] running [14 days] daily, 5 m/min for 60 hours] solo [91 mm3 at
[Motorized days/week] mins], week 2 [5.5 housed 49 days]
wheel] m/min for 5 min, [n=17]
11 m/min for 55
mins]
Auriat ER EE housing + 5 days EE [1 EE [24 hours]  EE [24 hours/day  EE [~600 hours] ICH, Striatum
200848 [n=14] Exercise [EE], continuous EX*[30+ (excluding EX* [~1.5 hours] group [40 mm3 at
[REACH (tray | 7 days session] mins] training)] *REACH housed 30 days]
task), beam [EX] EX[1session *REACH [30 EX* [varied] [repetitions NR, [n=15]
walking] [25 days daily day 7, mins]; beam *REACH 1.5 hours]; beam
[EE], 9, 11] walking [NR] [repetitions NR]; walking [16.5m,
5 days beam walking [5x  time NR]
[EX] 1.1m beam
crosses/session]
Nguyen EE EE housing 7 days EE[1 EE [24 hours]  EE [24 hours/day] EE [1176 hours] ICH, Striatum
200865 [n=14] [49 days] continuous group [68 mms3 at
session] housed 57 days]
[n=16]
Auriat ER EE housing + 7 days EE[1 EE [15 hours] EE [15 hours/day] EE [150 hours] ICH, Striatum
200949 [n=16] REACH [14 days] continuous REACH [15 REACH REACH pair [32 mm3 at
[modified session mins] [repetitions NR] [repetitions NR, housed 46 days]
Montoya daily] 10 hours] [n=16]
staircase] REACH [4
sessions
daily, 5
days/week]
Auriat ER EE housing + 7 days EE[1 EE [15 hours] EE [15 hours/day] EE [150 hours] ICH, Striatum
2010a5° [n=13] REACH [14 days] continuous REACH [15 REACH REACH group [not
[modified session mins] [repetitions NR] [repetitions NR, housed assessed]
Montoya daily] 10 hours] [n=13]
staircase] REACH [4
sessions
daily, 5
days/week]
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Auriat ER EE housing + 7 days EE [1 EE [15 hours] EE [15 hours/day] EE [150 hours] ICH, Striatum
2010b5° [n=16] REACH [14 days] continuous REACH [15 REACH REACH group [28 mms3 at
[modified session mins] [repetitions NR] [repetitions NR, housed 32 days]
Montoya daily] 10 hours] [n=16]
staircase] REACH [4
sessions
daily, 5
days/week]
Takamatsu AE Forced 4 days AE [1session AE [30 mins] AE [9 m/min] AE [2970 m, 5.5 ICH, Striatum
201039% [n=NR] running [11 days] daily] hours] housing [~60% of
[treadmill] unknown striatal
[n=NR] volume
lost at 15
days]
Ishida FLU Unimpaired 24 hours FLU [1 FLU [24 FLU [24 FLU [168 hours] ICH, Internal
201150 [n=8] limb [7 days] continuous hours] hours/day] group capsule
restrained session] housed [7 mm3 at
[n=9] 37 days]
MacLellan ER EE housing + 7 days EE[1 EE [15 hours] EE [15 hours/day] EE [150 hours] ICH, Striatum
20115! [n=16] REACH [14 days] continuous REACH [15 REACH REACH group [~8%
[modified session mins] [repetitions NR] [repetitions NR, housed tissue loss
Montoya daily] 10 hours] [n=14] in
staircase] REACH [4 ipsilesional
sessions hemispher
daily with 2- eat 49
hour days]
interval, 5
days/week]
Mestriner REACH REACH 7 days REACH [1 REACH [40 REACH REACH ICH, Striatum
2011a59 [n=12] [modified [28 days] session daily, mins] [repetitions NR] [repetitions NR, group [56 mm3 at
Montoya 5 days/week] 13 hours 20 mins] | housed 28 days]
staircase] [n=12%]
*shared
Mestriner
2011a,b
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Mestriner WALK  Walk training | 7 days WALK [1 WALK [40 WALK [1.8 WALK [1440 m, ICH, Striatum
2011b59 [n=12] [treadmill] [28 days] session daily, mins] m/min] 13 hours 20 mins] | group [56 mm3 at
5 days/week] housed 28 days]
[n=12*]
*shared
Mestriner
2011a,b
Kim REACH REACH Unclear REACH [1 REACH [15 REACH Cannot determine | ICH, Striatum
2012a%0% [n=15] [single pellet [unclear] session daily, mins] [repetitions NR] housing [lesion
task] 6 unknown ~12% of
days/week] [n=15%] total brain
*shared volume,
Kim timing
2012a,b unclear]
Kim REACH REACH Unclear REACH [1 REACH [15 REACH Cannot determine | ICH, Striatum
2012b0%0* -ipsi [single pellet [unclear] session daily, mins] [repetitions NR] housing [lesion
[n=15] task- 6 unknown ~12% of
unimpaired days/week] [n=15%] total brain
paw] *shared volume,
Kim timing
2012a,b unclear]
Santos REACH REACH 7 days REACH [1 REACH [40 REACH REACH ICH, Striatum
2013a°! [n=8] [single pellet [28 days] session daily, mins] [repetitions NR] [repetitions NR, group [unclear —
task] 5 days/week] 13 hours 20 mins] | housed analysis
[n=8%] conducted
*shared in one
Santos tissue
2013a,b slice]
Santos WALK  Walk training 7 days WAILK [1 WALK [40 WAILK [1.8 WALK [1440 m, ICH, Striatum
2013b% [n=8] [treadmill] [28 days] session daily, mins] m/min] 13 hours 20 mins] | group [unclear —
5 days/week] housed analysis
[n=8%] conducted
*shared in one
Santos tissue
2013a,b slice]
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Caliaperumal ER EE housing + 7 days EE [1 EE [15 hours] EE [15 hours/day] EE [150 hours] ICH, Striatum
201452 [n=11] REACH [14 days] continuous REACH [15 REACH REACH group [not
[modified session mins] [repetitions NR] [repetitions NR, housed assessed]
Montoya daily] 10 hours] [n=11]
staircase] REACH [4
sessions
daily with 2-
hour
interval, 5
days/week]
Tamakoshi AT Traverse 5 4 days AT [4 AT [NR] AT [5 courses/ AT [500 m (100 ICH, Striatum
201415* [n=6] acrobatic [25 days] sessions session, 1m/ crosses/course), housing [unclear —
courses [rope daily] course] time NR] unknown likely
ladder, [n=8] reporting
platform grid, error]
single rope,
parallel bars,
series of
barriers]
Yong REACH REACH NR REACH [1 REACH [15 REACH Cannot determine | ICH, Striatum
2014a%2* [n=NR] [single pellet [unclear] session daily, mins] [repetitions NR] housing [not
task] 6 unknown assessed]
days/week] [n=NR]
Yong REACH REACH NR REACH [1 REACH [15 REACH Cannot determine | ICH, Striatum
2014b%2* [n=NR] [single pellet [unclear] session daily, mins] [repetitions NR] housing [not
task] 6 unknown assessed]
days/week] [n=NR]
Ishida FLU Unimpaired 24 hours FLU [1 FLU [24 FLU [24 FLU [168 hours] ICH, Globus
2015a57 [n=8] limb [7 days] continuous hours] hours/day] housing pallidus
restrained session] unknown [8 mma3,
[n=9] timing
unclear]
Ishida FLU Unimpaired 17 days FLU [1 FLU [24 FLU [24 FLU [168 hours] ICH, Globus
2015b57 [n=6] limb [7 days] continuous hours] hours/day] housing pallidus
restrained session] unknown [8 mms,
[n=9] timing
unclear]
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Ishida FLU Unimpaired 24 hours FLU [1 FLU [24 FLU [24 FLU [168 hours] ICH, Internal
201658 [n=7] limb [7 days] continuous hours] hours/day] group capsule
restrained session] housed [not
[n=6] assessed]
Takamatsu AE Forced 4 days AE [1session AE [30 mins] AE [9 m/min] AE [2970 m, 5.5 ICH, Striatum
20164° [n=14] running [11 days] daily] hours] housing [not
[treadmill] unknown assessed]
[n=14]
Tamakoshi AT Traverse 5 4 days AT [4 AT [NR] AT [5 courses/ AT [500 m (100 ICH, Striatum
201693 [n=6] acrobatic [25 days] sessions session, 1m/ crosses/course), group [not
courses [rope daily] course] time NR] housed assessed]
ladder, [n=7]
platform grid,
single rope,
parallel bars,
series of
barriers]
Tamakoshi AT Traverse 5 4 days AT [4 AT [NR] AT [5 courses/ AT [500 m (100 ICH, Striatum
201764 [n=6] acrobatic [25 days] sessions session, 1m/ crosses/course), housing [assessed,
courses [rope daily] course] time NR] unknown NR]
ladder, [n=6]
platform grid,
single rope,
parallel bars,
series of
barriers]
Tamakoshi AE Forced 2 days AE [1session AE [30 mins] AE[9m/minday  AE[4560m,7 ICH, Striatum
2018a4* [n=8] running [14 days] daily] 1, 11 m/min hours] housing [assessed,
[treadmill] remainder] unknown NR]
[n=8%]
*shared
Tamakoshi
2018 a,b,c
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Tamakoshi AE Forced 2 days AE [1session AE [30 mins] AE[9m/minday AE[2250m, 3.5 ICH, Striatum
2018b41* [n=6] running [7 days] daily] 1, 11 m/min hours] housing [assessed,
[treadmill] remainder] unknown NR]
[n=8%]
*shared
Tamakoshi
2018 a,b,c
Tamakoshi AE Forced 8 days AE [1session AE [30 mins] AE [9gm/minday AE[2250m, 3.5 ICH, Striatum
2018c¢41* [n=6] running [7 days] daily] 1, 11 m/min hours] housing [assessed,
[treadmill] remainder] unknown NR]
[n=8%]
*shared
Tamakoshi
2018 a,b,c
Sato AE Forced 4 days AE[4 AE [30 mins] AE [10 m/min] AE [30 000 m, 50 | ICH, Striatum
2020a42 [n=8] running [25 days] sessions hours] housing [not
[treadmill] daily with 60 unknown assessed]
min interval] [n=10%]
*shared
Sato
2020a,b
Sato AE Voluntary 4 days AE1 AE [600 AE [Mean AE [30 600 m, ICH, Striatum
2020b42 [n=8] running [25 days] continuous hours] distance 1224 + 600 hours] housing [not
[wheel in session] 86m/day] unknown assessed]
home cage] [n=10%]
*shared
Sato
2020a,b
Tamakoshi AE Forced 2 days AE [1session AE [60 mins] AE [gm/minday AE[4500m,7 ICH, Striatum
2020a43* [n=23] running [7 days] daily] 1, 11 m/min hours] group [unclear —
[treadmill] remainder] housed likely
[n=24%] reporting
*shared error]
Tamakoshi
2020a,b
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Tamakoshi AE Forced 9 days AE [1session AE [60 mins] AE[9m/minday  AE[4500 m,7 ICH, Striatum
2020b43* [n=22] running [7 days] daily] 1, 11 m/min hours] group [unclear —
[treadmill] remainder] housed likely
[n=24%] reporting
*shared error]
Tamakoshi
2020a,b
Xu AE Forced 2 days AE [1session AE [30 mins] AE [16 m/min] AE [6240 m, 6.5 ICH, Striatum
2020a#4 [n=11] running [13 days] daily] hours] housing [not
[treadmill] unknown assessed]
[n=11%]
*shared Xu
2020a,b
Xu AE Forced 2 days AE [1session AE[30 mins*] AE [16 m/min] AE [6240 m, 6.5 ICH, Striatum
2020b#4 [n=11] running [13 days] daily] *1f animal hours] housing [not
[treadmill — exceeded unknown assessed]
fatigue fatigue [n=11%]
controlled] threshold, 3 *shared Xu
min rest, then 2020a,b
session
continued
(repeated until
30 mins
running
achieved)]
Tamakoshi AE Forced 6 hours AE[2 AE [60 mins] AE[9m/minat6  AE[1200 m, 2 ICH, Striatum
202145 [n=13] running [1 day] sessions in hours post-ICH, hours] pair [hematoma
[treadmill] first 24 11 m/min at 24 housed ~12% of
hours post- hours post-ICH] [n=14] total brain
ICH (6 and volume at
24 hours)] 27 hours]
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Fedor ER EE housing + 5 days EE [1 EE [6 hours] EE [6 hours/day] EE [60 hours] ICH, Striatum
2022253 [n=13] REACH [10 days] continuous REACH [15 REACH [mean REACH [mean group [hematoma
[modified session mins] pellets retrieved pellets retrieved housed in volume 20
Montoya daily] 118/session] 4248, 9 hours] light phase pLat 14
staircase] REACH [4 [n=9] days]
*all sessions
interventions daily with
in light phase 1.5-hour
of housing interval,
cycle days 5-12, 2
sessions
daily with
1.5-hour
interval days
13-14]
Fedor ER EE housing + 5 days EE [1 EE [6 hours] EE [6 hours/day] EE [60 hours] ICH, Striatum
2022b53 [n=13] REACH [10 days] continuous REACH [15 REACH [mean REACH [mean group [hematoma
[modified session mins] pellets retrieved pellets retrieved housed in volume 16
Montoya daily] 107/session] 3852, 9 hours] dark phase pLat14
staircase] REACH [4 [n=11] days]
*all sessions
interventions daily with
in dark phase 1.5-hour
of housing interval,
cycle days 5-12, 2
sessions
daily with
1.5-hour
interval days
13-14]
Fedor ER EE housing + 5 days EE[1 EE [6 hours] EE [6 hours/day] EE [60 hours] ICH, Striatum
202253 [n=23] REACH [10 days] continuous REACH [15 REACH [mean REACH [mean group [38 mms3 at
[modified session mins] pellets retrieved pellets retrieved housed in 60 days]
Montoya daily] 110/session] 4400, 10 hours] dark phase
staircase] REACH [4 [n=23%]
*all sessions *shared
interventions daily with Fedor
in dark phase 1.5-hour 2022¢,d
of housing interval]
cycle
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Author Type Intervention | Onset Frequency Duration Intensity Treatment Control, Lesion
Year [n] Description [Period] (Session) Dose Housing Location
[n] [Volume]
Fedor ER EE housing + 5 days EE [1 EE [6 hours] EE [6 hours/day] EE [120 hours] ICH, Striatum
2022d53 [n=21] REACH [24 days] continuous REACH [15 REACH [mean REACH [mean group [38 mms3 at
[modified session mins] pellets retrieved pellets retrieved housed in 60 days]
Montoya daily] 121/session days 10 200, 20 hours] | dark phase
staircase] REACH [4 5-14, 134/session [n=23%]
*all sessions days 19-28] *shared
interventions daily with Fedor
in dark phase 1.5-hour 2022¢,d
of housing interval days
cycle 5-14, 19-28]
Inoue AE Forced 7 days AE [1session AE [30 mins] AE [12 m/min] AE [5400m, 7.5 ICH, Internal
202246 [n=8] running [21 days] daily, hours] housing capsule
[treadmill] 5 days/week] unknown [14 mm3 at
[n=8] 29 days]
Li SWIM Continuous 2 days SWIM [1 SWIM [30 NR SWIM [3.5 hours] | ICH, Striatum
2022360* [n=10] swimming [7 days] session mins] group [unclear —
daily] housed likely
[n=10] reporting
error]
Li SWIM Continuous 2 days SWIM [1 SWIM [30 NR SWIM [7 hours] ICH, Striatum
2022bh066* [n=10] swimming [14 days] session mins] group [unclear —
daily] housed likely
[n=10] reporting
error]
Li SWIM Continuous 2 days SWIM [1 SWIM [30 NR SWIM [3.5 hours] | ICH, Striatum
2022¢06% [n=12] swimming [7 days] session mins] group [unclear —
daily] housed likely
[n=12] reporting
error]
Tamakoshi AE Forced 6 hours AE [2 AE [60 mins] AE[gm/minat6  AE[4500m,7 ICH, Striatum
202247 [n=14] running [6 days] sessions in hours post-ICH, hours] pair [~8% of
[treadmill] first 24 11 m/min for housed total brain
hours post- remainder] [n=16] volume at
ICH (6 and 8 days]
24 hours), 1
session daily
days 2-6]
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39* group sizes for behavioural endpoints not reported

60* imprecise timeline, treatment dose could not be calculated

15* Jesion data reported as volume of tissue lost, but appears to be volume of tissue remaining or based on an unspecified region of interest

62* group sizes not reported, total N listed as 30 in abstract and 20 in methods; imprecise timeline, treatment dose could not be calculated

43* lesion data is uninterpretable

66* calculation of hematoma volume appears to be off by a factor of 100-1000; unclear if hematoma volume is calculated as % brain or %
hemisphere

Abbreviations: AE, aerobic exercise; AT, acrobatic training; CIMT, constraint-induced movement therapy; EE, environmental enrichment; ER,
enriched rehabilitation; FLU, forced limb use; m, metres; MDS, motor deficit score; mNSS modified neurological severity score; NR, not reported;
NDS, neurological deficit score; REACH, skilled reach training; REACH-ipsi, skilled reach training in unimpaired forelimb; SWIM, swim training;
WALK, walk training
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3.3.2 Study Quality

The CAMARADES checklist analysis revealed a wide range in scores (2-8), with a
median score of 4/10, indicating low or unclear study quality (Figure 3-2¢). Interrater
reliability was high (weighted kappa=0.912), indicating almost perfect agreement
between reviewers. All articles (30/30) scored a point for peer review and including a
statement on compliance to animal welfare regulations. Temperature control during
ICH induction was reported in 15/30 articles, with the remainder unclear. Use of
randomization was reported in 21/30 articles. A conflict-of-interest statement was
reported in 11/30 articles. Blinding was inconsistent and often vague or poorly
described. Only 6/30 articles reported blinding to treatment allocation during stroke
induction or that animals were randomized to treatment after stroke. Similarly, only
10/30 articles explicitly reported blinded assessment of subjective outcomes (e.g.,
neurological deficit assessments, walking errors, lesion volume); many articles were
judged unclear, due to poor reporting and/or inconsistent use of blinding across
endpoints. Only 1/30 articles included a population with comorbidity (ovariectomized
female rats, menopause). Likewise, 1/30 articles described the use of a sample size
calculation. No article used an anaesthetic without potential neuroprotective

properties.®7 Individual article ratings are in Figure A-1 (Appendix A).

3.3.3 Risk of Bias

Analysis using the SYRCLE tool revealed unclear risk of bias in many articles
(Figure 3-2d). Assessment of interrater reliability indicated substantial agreement
between reviewers (weighted kappa=0.753). While most articles addressed one or more

factors related to selection, performance, detection, attrition, or reporting bias,
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information was often insufficient to determine how risk of bias was minimized (see
Table 3-5 for common errors). Several articles reported manipulating housing
conditions as part of treatment (e.g., EE housing). Based on SYRCLE guidelines, these
articles received a high-risk rating for performance bias — however, we would argue that
this is less indicative of a high risk of performance bias, but rather an intended
treatment effect. Many articles failed to adequately address incomplete outcome data,
resulting in our attrition bias assessment being approximately equal among each
category of low-, unclear-, or high-risk of bias. These judgements were driven by unclear
reporting of total N, group sizes, exclusions, and mortality, resulting in insufficient data
to judge risk of bias. Approximately one third of articles were rated high risk of
reporting bias due to selective outcome reporting. No articles reported the use of a pre-
registered protocol (judged as unclear), whereas many failed to report data from some
groups and/or specific endpoints or assessment times and were rated as high-risk.
Other potential sources of bias identified included unit of analysis errors, improper use
of statistical methods, and poor methodology. Individual article ratings are in Figure A-

2 (Appendix A).
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Table 3-5 Commonly Observed Errors in Preclinical ICH Rehabilitation Literature
Category Incidence Error

Reporting 17% Failure to report total number of animals used (N)
Errors 40%

Failure to report housing conditions (i.e., solo, paired, group, EE)
93% Failure to describe the method of randomization/allocation to
group/subgroup (e.g., random number generator)

60% Failure to explicitly report exclusions and mortality (including
group identity and reason for exclusion)

17-23%* Failure to report group sizes (n) used in analysis after
mortality/exclusion and division into subgroups/endpoints

7-13%* Methods describe endpoints not presented in the results (or vice
versa)
10% Type of summary statistics not provided (e.g., mean + SD)
Methodological 97% Group size not determined using a power calculation

Errors 20-47%* Total N reported is not equal to the total of n’s reported in

methods
20-47%* Addition of extra subjects (i.e., sum total n>N)

57% Baseline data not assessed and/or not reported
23-30%* Data not collected and/or presented for subjects/groups in one
or more endpoint with no explanation

20-23%* Inappropriate methods of statistical analysis (i.e., using
parametric tests on non-parametric data, only comparing to
sham, ignoring significant baseline differences, handling of
outliers)

53-93%* Unit of analysis errors related to housing (i.e., analyzing animals
as independent samples instead of by cage)

47% Improper data presentation and/or reporting (i.e., figures
uninterpretable, missing error terms, describing ordinal data with
mean + SD)

*lower value of range represents % of articles with confirmed error while upper value represents % of
articles possibly containing error but with insufficient reporting to conclusively determine

3.3.4 Efficacy of Rehabilitation on Skilled Reaching

Twenty-four interventions assessed efficacy of rehabilitation on recovery of
skilled reaching (Figure 3-3). Overall, rehabilitation improved skilled reaching [SMD
0.75 (95% CI 0.50-1.01), p<0.01] and heterogeneity was moderate (I12=45%, p=0.01).

Subgroup analysis by rehabilitation type found a significant effect of CIMT+FLU [SMD
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0.90 (95% CI 0.30-1.50), p<0.01], ER [SMD 0.69 (95% CI 0.35-1.03), p<0.01], and
REACH [SMD 2.12 (95% CI 0.76-3.48), p<0.01]. Aerobic exercise failed to significantly
improve outcome. Sensitivity analysis revealed a similar overall treatment effect on
skilled reaching [SMD 0.67 (95% CI 0.42-0.91), p<0.01] with non-significant
heterogeneity (12=30%, p=0.11). Interestingly, only ER and REACH subgroups
remained significant in the sensitivity analysis (Figure A-3 Appendix A).

Funnel plot and Egger regression confirmed the presence of asymmetry in the
dataset (p<0.01), therefore trim-and-fill analysis was completed (Figure A-4 Appendix
A). Hypothetical data (n=5) added by trim-and-fill analysis revealed missing negative
and null data, suggesting reporting or publication bias. Random-effects meta-analysis of
the trim-and-fill model (n=29) produced a smaller treatment effect [SMD 0.59 (95% CI
0.32-0.87), p<0.01].

To conceptualize efficacy beyond statistical testing, we completed a post-hoc
analysis using only interventions that reported the number of pellets retrieved in their
respective skilled reaching tasks (Figure A-5 Appendix A). As before, rehabilitation
improved skilled reaching success [MD 2.85 pellets retrieved (95% CI 1.97-3.74),
p<0.01; SMD 0.82 (95% CI 0.51-1.13), p<0.01], which was comparable to the effect size

observed in the full dataset.
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI

AEROBIC EXERCISE :

Auriat 2006 [AE] 17.02 2326 17.00 1458 10.51 17.00 5.9% 0.13 [-0.54; 0.81] -

CIMT+FLU :

DeBow 2003a [FLU] 47.65 36.35 9.00 3460 28.67 3.66 3.0% 0.35 [-0.88; 1.58] ——

DeBow 2003b [CIMT] 77.24 2646 11.00 3460 28.67 3.67 2.7% 1.49[0.15; 2.82] ——

MacLellan 2005 [CIMT] 13.44 1233 15.00 1282 1276 15.00 5.6% 0.05 [-0.67; 0.76] —_

Ishida 2011 [FLU] 7.20 5.09 8.00 250 3.90 9.00 3.8% 0.99 [-0.03; 2.02] —'—

Ishida 2015a [FLU] 28.30 21.78 8.00 7.10 13.80 9.00 3.7% 1.12[0.08; 2.16] —

Ishida 2015b [FLU] 2130 7.84 6.00 12.30 18.00 9.00 3.7% 0.57 [-0.49; 1.63] ——

Ishida 2016 [FLU] 42.20 10.05 7.00 10.00 10.06 6.00 1.8% 2.98[1.24;4.72] ——

Total (95% CI) 64.00 5533  24.2% 0.90 [ 0.30; 1.50] -

Heterogeneity: Tau? = 0.32; Chi® = 12.38, df = 6 (P = 0.05); I = 52% :

Test for overall effect: Z = 2.93 (P < 0.01) i

ENRICHED REHABILITATION ?

Auriat 2008 [ER] 3798 2655 12.00 49.21 30.58 10.00 4.7% -0.38 [-1.23; 0.47] —.

Auriat 2009 [ER] 7.71 256 1600 479 298 16.00 5.4% 1.02[0.28; 1.77] —_—

Auriat 2010a [ER] 6.20 213 13.00 334 234 13.00 4.7% 1.24[0.39; 2.09] i

Auriat 2010b [ER] 1012 228 16.00 7.10 268 16.00 5.3% 1.18[0.42; 1.94] -

MacLellan 2011 [ER] 8.20 488 16.00 3.72 393 14.00 5.2% 0.98[0.21; 1.74] —

Caliaperumal 2014 [ER] 11.41 3.74 11.00 6.61 278 11.00 4.2% 1.40[ 0.45; 2.35] -——

Fedor 2022a [ER] 7.67 236 13.00 6.64 296 9.00 4.7% 0.38 [-0.48; 1.24] =

Fedor 2022b [ER] 979 439 13.00 7.32 3.84 11.00 4.9% 0.57 [-0.25; 1.40] T

Fedor 2022c [ER] 8.88 260 23.00 8.47 369 11.50 5.6% 0.13 [-0.57; 0.84] ——

Fedor 2022d [ER] 996 292 21.00 8.47 369 11.50 5.5% 0.45 [-0.28; 1.18] TR

Total (95% CI) 154.00 123.00 50.1% 0.69 [ 0.35; 1.03] -

Heterogeneity: Tau? = 0.13; Chi® = 16.15, df = 9 (P = 0.06); I° = 44% :

Test for overall effect: Z = 3.99 (P < 0.01) :

SKILLED REACHING :

Mestriner 2011a [REACH] 65.37 9.91 12.00 4743 12.09 6.00 3.3% 1.61[0.46; 2.75] —a—

Santos 2013a [REACH] 1447 1.78 8.00 8.63 1.73 4.00 1.5% 3.05[1.15; 4.95] P

Total (95% Cl) 20.00 10.00 4.8% 2.12[0.76; 3.48] —

Heterogeneity: Tau® = 0.41; Chi’ = 1.64, df = 1 (P = 0.20); I = 39% |

Test for overall effect: Z = 3.06 (P < 0.01) :

OTHER ?

DeBow 2003c [EX] 4283 21.19 9.00 3460 28.67 3.67 3.0% 0.33 [-0.90; 1.55] ——

Nguyen 2008 [EE] 36.20 18.99 14.00 2582 18.96 16.00 5.5% 0.53 [-0.20; 1.26] T

Mestriner 2011b [WALK] 53.14 1098 12.00 4743 12.09 6.00 3.9% 0.48 [-0.52; 1.48] —=—

Santos 2013b [WALK] 10.44 0.76 8.00 863 173 4.00 2.5% 1.46 [ 0.07; 2.86] ———

Total (95% ClI) 43.00 29.67 14.9% 0.60 [ 0.11; 1.10] -

Heterogeneity: Tau? = 0; Chi® = 1.76, df = 3 (P = 0.62); I = 0% :

Test for overall effect: Z = 2.39 (P = 0.02)

Total (95% CI) 298.00 235.00 100.0% 0.75[0.50; 1.01] *

Heterogeneity: Tau? = 0.17; Chi’ = 41.51, df = 23 (P =0.01); 12 = 45% ! ‘ ! !
4 2 0 2 4

Test for overall effect: Z = 5.78 (P < 0.01)

Favours CONTROL Favours REHAB

Figure 3-3 Forest plot of random-effects meta-analysis of post-ICH rehabilitation on
performance in skilled reaching tasks (n=24). Rehabilitation significantly improved
skilled reaching [SMD 0.75 (95% CI 0.50-1.01), p<0.01], with REACH and CIMT+FLU
associated with the largest treatment effects. Egger regression indicated the presence of
asymmetry in the dataset. Trim-and-fill analysis added 5 data points, all with SMD <o,
suggesting null or negative data was missing in our original model. Follow-up random-
effects meta-analysis of the trim-and-fill model (n=29) produced a noticeably smaller
treatment effect [SMD 0.59 (95% CI 0.32-0.87), p<0.01]. Effect sizes presented as
Hedge’s G standardized mean difference (SMD) with 95% CI
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3.3.5 Efficacy of Rehabilitation on Spontaneous Use of the Impaired Forelimb
Fourteen interventions assessed efficacy of rehabilitation on spontaneous
impaired forelimb use in the cylinder task (Figure 3-4). Overall, rehabilitation increased

use of the impaired forelimb [MD 6.36% increase in impaired forelimb use (95% CI
2.09-10.64), p<0.01], however heterogeneity was high (I12=67%, p<0.01). Subgroup
analysis by rehabilitation type found a significant effect of CIMT+FLU [MD 7.55%
increase in impaired forelimb use (95% CI 1.84-13.27), p<0.01] and REACH [MD:
14.30% increase in impaired forelimb use (95% CI 9.22-19.39), p<0.01]. Neither AE nor
ER significantly increased impaired forelimb use, and interestingly, ER treated animals
trended towards worse outcomes than non-treated controls. Sensitivity analysis
revealed a similar overall treatment effect on impaired forelimb use [MD 7.49% increase
in impaired forelimb use (95% CI 2.66-12.31), p<0.01], again with high heterogeneity
(I2=67%, p<0.01). As before, CIMT+FLU and REACH improved spontaneous use of the
impaired forelimb; ER did not, and again trended towards worse outcomes than non-
treated controls (Figure A-6 Appendix A). Funnel plot and Egger regression did not
reveal asymmetry in the dataset (p>0.05), therefore trim-and-fill analysis was not

conducted (Figure A-7 Appendix A).
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Study or REHABILITATION CONTROL Mean Difference Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
AEROBIC EXERCISE

Auriat 2006 (AE) 967 8095 17.00 9.98 14.31 17.00 8.3% -0.31[-8.33; 7.71] —&=
Takamatsu 2016 (AE) 38.95 11.37 14,00 36.89 7.30 14.00 8.9% 2.06 [-5.02; 9.14] —

Total (95% Cl) 31.00 31.00 17.1% 1.02 [ -4.28; 6.33] ‘h-

Heterogeneity: Tau? = 0; Chi’ = 0.19, df = 1 (P = 0.66); I* = 0%
Test for overall effect: Z=0.38 (P =0.71)

CIMT+FLU ;

DeBow 2003a (FLU) 17.59 19.06 9.00 1257 15.08 3.66 3.3% 5.02 [-14.82; 24.86] N B E—
DeBow 2003b (CIMT) 30.37 2220 11.00 1257 15.08 3.67 3.2% 17.80 [ -2.45; 38.05] T
MacLellan 2005 (CIMT) 2464 16.89 15.00 13.73 16.54 15.00 6.1% 10.91 [ -1.05; 22.87] —=—
Ishida 2011 (FLU) 30.60 10.18 8.00 2530 3.00 9.00 8.7% 5.30[-2.02; 12.62] T

Total (95% CI) 43.00 31.33 21.4% 7.55[ 1.84; 13.27] -
Heterogeneity: Tau® = 0; Chi® = 1.71, df = 3 (P = 0.63); I = 0% :
Test for overall effect: Z = 2.59 (P < 0.01)

ENRICHED REHABILITATION

Auriat 2009 (ER) 23.67 1468 16.00 3442 13.08 16.00 7.3% -10.75 [-20.38; -1.12] —
Auriat 2010a (ER) 3544 1590 13.00 34.85 1590 13.00 6.0% 0.59 [-11.63; 12.81] —
Auriat 2010b (ER) 42.03 30.28 16.00 38.92 21.88 16.00 3.7% 3.11[-15.20; 21.42] —
Total (95% CI) 45.00 45.00 17.0% -4.18 [-13.03; 4.67] ——

Heterogeneity: Tau® = 19.84; Chi® = 2.93, df = 2 (P = 0.23); I’ = 32%
Test for overall effect: Z =-0.93 (P = 0.35)

SKILLED REACHING ;
Mestriner 2011a (REACH) 3793 547 1200 2543 547 6.00 9.9% 12.50 [ 7.14; 17.86] — -

Kim 2012a (REACH) 4513 1053 1500 2508 6.70 7.50 8.8% 20.05[12.88; 27.22] P
Kim 2012b (REACH-Ipsi) 36.14 10.22 15.00 2508 6.70 7.50 8.9% 11.06 [ 4.01;18.11] -,

Total (95% CI) 42.00 21.00 27.6% 14.30 [ 9.22; 19.39] | -
Heterogeneity: Tau® = 9.32; Chi’ = 3.7, df = 2 (P = 0.16); I* = 46% :
Test for overall effect: Z = 5.51 (P < 0.01)

OTHER :

DeBow 2003c (EX) 3539 3937 900 1257 1508 367  1.7% 22.82[-7.17; 52.81] —_—
Nguyen 2008 (EE) 28.31 1646 1400 2308 2154 1600  5.3% 5.23 [ -8.40; 18.86] —r——
Mestriner 2011b (WALK) 28.69 582 12.00 2543 547 6.00 9.8% 3.26 [-2.22; B8.74] T

Total (95% CI) 35.00 2567 16.9% 4.07 [ -0.94; 9.08] 1-—
Heterogeneity: Tau® = 0; Chi® = 1.61, df = 2 (P = 0.45); I = 0% :
Test for overall effect: Z = 1.59 (P = 0.11)

Total (95% Cl) 196.00 154.00  100.0% 6.36 [ 2.09; 10.64] -

Heterogeneity: Tau? = 40.75; Chi’ = 42,03, df = 14 (P < 0.01); 1> = 67% UL T 1
Test for overall effect: Z = 2,92 (P < 0.01) -30 -20 -10 0 10 20 30

Favours CONTROL Favours REHAB
% change in impaired forelimb use

Figure 3-4 Forest plot of random-effects meta-analysis of post-ICH rehabilitation on
spontaneous impaired forelimb use in the cylinder task. Overall, rehabilitation
significantly increased impaired forelimb use [MD 6.36% improvement (95% CI 2.09-
10.64), p<0.01], but only REACH and CIMT+FLU were associated with significant
treatment effects. Egger regression did not indicate the presence of asymmetry in the
dataset. Effect sizes presented as mean difference (MD), percent change in impaired
forelimb use, with 95% CI

3.3.6 Efficacy of Rehabilitation on Locomotor Function
Thirty-one interventions assessed efficacy of rehabilitation on locomotor
function in the ladder walking task (Figure 3-5). One intervention was unweighted in

our analysis (variance of zeros3), while 5 others were excluded as we did not receive a
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response to our requests for clarification (1 did not report group sizes®2, in 4 we could
not interpret the measure of central tendency or variability43.4547). Overall,
rehabilitation improved locomotor function [SMD 0.79, (95% CI 0.52-1.06), p<0.01]
and heterogeneity was moderate (12=43%, p=0.01). Subgroup analysis by rehabilitation
type found a significant effect of CIMT+FLU [SMD 0.92 (95% CI 0.33-1.52), p<0.01],
ER [SMD 0.98 (95% CI 0.40-1.56), p<0.01], and REACH [SMD 1.31 (95% CI 0.71-1.92),
p<0.01]. Neither AE nor AT significantly improved locomotor function. Sensitivity
analysis revealed a similar overall effect size for locomotor function [SMD 0.83 (95% CI
0.52-1.15), p<0.01] and heterogeneity remained moderate (I2=45%, p=0.03). As before,
ER and REACH remained significant, whereas CIMT+FLU did not (Figure A-8
Appendix A). Funnel plot and accompanying Egger regression did not reveal asymmetry
in the dataset (p>0.05), therefore trim-and-fill analysis was not conducted (Figure A-9

Appendix A).
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
ACROBATIC TRAINING | |
Tamakoshi 2014 (AT) 4942 17.44 6.00 45.86 21.81 8.00 3.9% 0.17 [-0.90; 1.23] ——
AEROBIC EXERCISE ‘ i

Auriat 2006 (AE) -11.04 1093 1700 -12.74 1159 17.00 6.2% 0.15[-0.53; 0.82] -
Tamakoshi 2018a (AE) -14.37 7.58 8.00 -16.65 11.40 2.66 2.7% 0.25[-1.15; 1.64] —
Tamakoshi 2018b (AE) -10.48 5.58 6.00 -16.65 11.40 2.67 2.4% 0.73[-0.78; 2.24] —T
Tamakoshi 2018c (AE) -18.26  9.21 6.00 -16.65 11.40 2.67 2.6% -0.14 [-1.59; 1.30] —&—

Total (95% Cl) 37.00 2500 14.0% 0.19 [-0.33; 0.72] -
Heterogeneity: Tau® = 0; Chi® = 0.72, df = 3 (P = 0.87); I* = 0% g

Test for overall effect: Z = 0.72 (P = 0.47) :
CIMT+FLU
DeBow 2003a (FLU) -21.79  7.56 9.00 -2428 925 3.66 3.3% 0.29[-0.93; 1.51] ——
DeBow 2003b (CIMT) -1453 9.05 11.00 -2428 925 367 3.2% 1.01 [-0.25; 2.26] 1=
MacLellan 2005 (CIMT) -12.30 9.22 1500 -12.04 895 15.00 5.9% -0.03 [-0.74; 0.69] —

Ishida 2011 (FLU) 66.20 16.97 8.00 4220 24.00 9.00 4.0% 1.08 [ 0.05; 2.12] ——
Ishida 2015a (FLU) -9.20 5.09 8.00 -20.00 6.90 9.00 3.6% 1.67 [ 0.53; 2.82] ——
Ishida 2015b (FLU) -12.50 2.20 6.00 -18.50 7.50 9.00 3.8% 0.93 [-0.17; 2.04] T
Ishida 2016 (FLU) -7.60 4.50 7.00 -18.80 4.70 6.00 2.4% 2.27[0.77; 3.77] —a—
Total (95% CI) 64.00 55.33 26.2% 0.92[0.33; 1.52] -
Heterogeneity: Tau® = 0.32; Chi® = 12.16, df = 6 (P = 0.06); I° = 51% :

Test for overall effect: Z = 3.06 (P < 0.01) :
ENRICHED REHABILITATION i

Auriat 2008 (ER) 2402 989 1200 1587 14.89 10.00 5.0% 0.63 [-0.23; 1.50] T
Auriat 2009 (ER) 8541 11.04 16.00 80.20 14.68 16.00 6.0% 0.39[-0.31; 1.09] -
Auriat 2010a (ER) -17.45 17.02 13.00 -34.38 17.52 13.00 5.3% 0.95[0.13; 1.77] —
Auriat 2010b (ER) -10.65 12.04 16.00 -32.71 11.04 16.00 5.1% 1.86 [ 1.02; 2.71] L
Caliaperumal 2014 (ER) 96.54 440 11.00 69.74 17.17 11.00 3.9% 2.06 [ 0.99; 3.13] ——
Fedor 2022a (ER) 9346 6.93 13.00 9184 550 9.00 5.0% 0.24 [-0.61; 1.10] —

Fedor 2022b (ER) 9534 878 10.00 100.00 0.00 11.00 0.0% :

Total (95% Cl) 91.00 86.00 30.3% 0.98 [ 0.40; 1.56] -
Heterogeneity: Tau® = 0.34; Chi® = 14.13, df = 5 (P = 0.01); I° = 65% :

Test for overall effect: Z = 3.30 (P < 0.01) :
SKILLED REACHING
Mestriner 2011a (REACH) -15.62 4.16 12.00 -32.45 13.61 6.00 3.3% 1.92[0.71; 3.13] —i—
Kim 2012a (REACH) -31.00 1247 15.00 -49.10 10.91 7.50 4.3% 1.45[ 0.46; 2.44] -
Kim 2012b (REACH-Ipsi) -39.98 10.38 15.00 -49.10 10.91 7.50 4.7% 0.83 [-0.08; 1.75] —
Total (95% Cl) 42,00 21.00 12.3% 1.31[0.71; 1.92] -
Heterogeneity: Tau® = 0.01; Chi® = 2.1, df = 2 (P = 0.35); I = 5% :

Test for overall effect: Z = 4.26 (P < 0.01) :
OTHER
DeBow 2003c (EX) -20.50 13.73 9.00 -2428 9.25 3.67 3.3% 0.27 [-0.95; 1.50] — T
Nguyen 2008 (EE) 8259 995 1400 75.82 1247 16.00 5.8% 0.58 [-0.15; 1.31] T
Mestriner 2011b (WALK) -24.76 16.94 12.00 -32.45 13.61 6.00 4.3% 0.46 [-0.54; 1.45] —i—
Total (95% CI) 35.00 25.67 13.4% 0.49 [-0.04; 1.02] -
Heterogeneity: Tau® = 0; Chi® = 0.18, df = 2 (P = 0.91); I* = 0% §

Test for overall effect: Z = 1.80 (P = 0.07)

Total (95% Cl) 275.00 221.00 100.0% 0.79[0.52;1.06] | L .

Heterogeneity: Tau? = 0.18; Chi? = 40.10, df = 23 (P = 0.01); I? = 43%

Test for overall effect: Z = 5.76 (P < 0.01)

-2 0 2 4

Favours CONTROL Favours REHAB

Figure 3-5 Forest plot of random-effects meta-analysis of post-ICH rehabilitation on
locomotor function in the ladder walking task. Rehabilitation significantly improved
locomotor function [SMD 0.79 (95% CI 0.52-1.06), p<0.01]. Egger regression did not
indicate the presence of asymmetry in the dataset. Effect sizes presented as Hedge’s G
standardized mean difference (SMD) with 95% CI
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3.3.7 Efficacy of Rehabilitation on Beam Walking and Composite Neurobehavioural
Test Scores

Eight interventions assessed efficacy of rehabilitation on locomotor function in
the beam walking task, while 13 used a composite neurobehavioural test (e.g., NDS) to
assess global function. Unfortunately, we were unable to analyze these endpoints for
reasons related to both reporting and principles of analysis. Beam walking and
composite neurobehavioural test batteries rely on assessors to make a subjective
judgement on behaviour or function; while this is not inherently a problem (assuming
blinded assessors), the data for these results are non-parametric. As such, these tests
should be analyzed using non-parametric methods with data reported as median + IQR.
Many articles made one or more of the following errors: use of parametric tests in
analysis (i.e., ANOVA), reported mean + SD or standard error (vs. median + IQR), or
failed to report a measure of variability. As such, it was inappropriate to analyze or draw

conclusions from these data.

3.3.8 Impact of the Timing of Rehabilitation Onset on Efficacy

Based on intervention characteristics, timing of treatment onset grouped into 5
categories: 24-48 hours, 4-5 days, 7-8 days, >14 days, and UNCLEAR. Rehabilitation
improved skilled reaching recovery with treatment onset 24-48 hours [SMD 1.48 (95%
CI 0.48-2.48), p<0.01] and 7-8 days [SMD 1.03 (95% CI 0.75-1.30), p<0.01] after ICH,
however treatment initiated at 4-5 or >14 days failed to significantly improve skilled
reaching (Figure 3-6). The impact of treatment onset on improvement in spontaneous
impaired forelimb use is unknown. While rehabilitation on the whole increased the use

of the impaired forelimb, this effect was only significant in the UNCLEAR onset group
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(Figure 3-7). Rehabilitation also improved locomotor function in the ladder walking task
with treatment onset at 24-28 hours [SMD 1.21 (95% CI 0.58-1.84), p<0.01] and 7-8
days [SMD 0.90 (95% CI 0.47-1.32), p<0.01] after ICH. Again, treatment initiated at 4-5
days or =14 days failed to significantly improve locomotor function (Figure 3-8).

Treatment onset within 24-48 hours or 7-8 days after ICH appear to be most efficacious.

Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% C| IV, Random, 95% CI
ONSET [24-48 HOURS] i

Ishida 2011 [FLU] 720 509 800 250 390 9.00 3.8% 0.99 [-0.03; 2.02] ——
Ishida 2015a [FLU] 2830 2178 800 7.10 1380  9.00 3.7% 1.12[0.08; 2.16] —
Ishida 2016 [FLU] 4220 1005 7.00 10.00 10.06  6.00 1.8% 2.98[1.24;4.72] P——
Total (95% CI) 23.00 24.00 9.3% 1.48 [ 0.48; 2.48] -
Heterogeneity: Tau® = 0.39; Chi’ = 4.02, df = 2 (P = 0.13); I° = 50% i

Test for overall effect: Z=2.91 (P < 0.01)

ONSET [4-5 DAYS]

Auriat 2008 [ER] 37.98 26.55 12.00 4921 30.58 10.00 4.7% -0.38 [-1.23; 0.47] e

Fedor 2022a [ER] 767 236 1300 664 296 9.00 4.7% 0.38 [-0.48; 1.24] —

Fedor 2022b [ER] 979 439 1300 7.32 384 11.00 4.9% 0.57 [-0.25; 1.40] —

Fedor 2022c [ER] 8.88 260 23.00 8.47 369 11.50 5.6% 0.13 [-0.57; 0.84] -

Fedor 2022d [ER] 996 292 21.00 847 369 11.50 5.5% 0.45[-0.28; 1.18] 1=

Total (95% CI) 82.00 53.00 25.4% 0.24 [-0.11; 0.59] >
Heterogeneity: Tau® = 0; Chi* = 3.2, df = 4 (P = 0.52); I’ = 0% :

Test for overall effect: Z = 1.35 (P = 0.18) i

ONSET [7-8 DAYS] ;

DeBow 2003a [FLU] 4765 3635 9.00 3460 2867 3.66 3.0% 0.35[-0.88; 1.58] ——
DeBow 2003b [CIMT] 77.24 2646 11.00 3460 2867  3.67 2.7% 1.49[0.15; 2.82] e
DeBow 2003c [EX] 4283 2119  9.00 3460 2867  3.67 3.0% 0.33 [-0.90; 1.55] ———
Nguyen 2008 [EE] 36.20 18.99 14.00 2582 18.96 16.00 5.5% 0.53 [-0.20; 1.26] T

Auriat 2009 [ER] 771 256 16.00 479 298 16.00 5.4% 1.02[0.28; 1.77] —
Auriat 2010a [ER] 6.20 213 13.00 3.34 234 13.00 4.7% 1.24 [ 0.39; 2.09] =
Auriat 2010b [ER] 1012 228 16.00 710 268 16.00 5.3% 1.18[0.42; 1.94] -
MacLellan 2011 [ER] 820 4.88 16.00 372 393 14.00 5.2% 0.98[0.21; 1.74] —=-
Mestriner 2011a [REACH] 6537 991 12.00 4743 12.09 6.00 3.3% 1.61[0.46; 2.75] ——
Mestriner 2011b [WALK]  53.14 10.98 12.00 4743 12.09 6.00 3.9% 0.48 [-0.52; 1.48] —E—
Santos 2013a [REACH] 1447 178 800 863 173 400 1.5% 3.05[1.15; 4.95] —
Santos 2013b [WALK] 1044 0.76 8.00 863 173 4.00 2.5% 1.46 [ 0.07; 2.86]

Caliaperumal 2014 [ER] 1141 374 11.00 661 278 11.00 4.2% 1.40[ 0.45; 2.35] ———
Total (95% CI) 155.00 117.00  50.3% 1.03 [ 0.75; 1.30] -
Heterogeneity: Tau® = 0.01; Chi® = 12.55, df = 12 (P = 0.40); I* = 4%

Test for overall effect: Z=7.35 (P < 0.01)

ONSET [14+ DAYS]

MacLellan 2005 [CIMT] 1344 1233 15.00 12.82 1276 15.00 5.6% 0.05 [-0.67; 0.76] ——

Auriat 2006 [AE] 17.02 2326 17.00 1458 10.51 17.00 5.9% 0.13 [-0.54; 0.81] =

Ishida 2015b [FLU] 2130 7.84 6.00 1230 18.00 9.00 3.7% 0.57 [-0.49; 1.63] —|E—

Total (95% Cl) 38.00 4100 151% 0.18 [-0.27; 0.62] -
Heterogeneity: Tau® = 0; Chi? = 0.66, df = 2 (P = 0.72); I* = 0%

Test for overall effect: Z = 0.78 (P = 0.44)

Total (95% CI) 298.00 235.00 100.0% 0.75[ 0.50; 1.01] *
Heterogeneity: Tau® = 0.17; Chi® = 41.51, df = 23 (P = 0.01); I* = 45% ‘ ‘ ‘ !
Test for overall effect: Z = 5.78 (P < 0.01) -4 -2 0 2 4

Favours CONTROL Favours REHAB
Figure 3-6 Forest plot of random-effects meta-analysis of skilled reaching performance
grouped by timing of rehabilitation onset (days from ICH induction). Rehabilitation
improved skilled reaching recovery with treatment onset of 24-48 hours [SMD 1.48 (95%
CI 0.48-2.48), p<o0.01] and 7-8 days [SMD 1.03 (95% CI 0.75-1.30), p<0.01] whereas
treatment initiated at 4-5 or >14 days failed to significantly improve skilled reaching.
Effect sizes presented as Hedge’s G standardized mean difference (SMD) with 95% CI
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Study or REHABILITATION CONTROL Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
ONSET [4-5 DAYS] :
Takamatsu 2016 (AE) 3895 1137 14.00 36.89 7.30 14.00 8.9% 2.06 [-5.02; 9.14] -
ONSET [7-8 DAYS] _:

DeBow 2003a (FLU) 17.59 19.06 9.00 12,57 15.08 3.66 3.3% 5.02 [-14.82; 24.86] —_—
DeBow 2003b (CIMT) 30.37 2220 11.00 1257 1508  3.67 3.2% 17.80 [ -2.45; 38.05] ———
DeBow 2003c (EX) 3539 3937 9.00 1257 1508  3.67 1.7% 22.82[-7.17; 52.81] s
Nguyen 2008 (EE) 28.31 16.46 14.00 23.08 2154 16.00 5.3% 5.23 [ -8.40; 18.86] e
Auriat 2009 (ER) 2367 1468 16.00 3442 13.08 16.00 7.3% -10.75 [-20.38; -1.12] —=—|

Auriat 2010a (ER) 3544 1590 13.00 3485 1590 13.00 6.0% 0.59 [-11.63; 12.81] 3

Auriat 2010b (ER) 42,03 30.28 16.00 38.92 2188 16.00 3.7% 3.1 [-15.20; 21.42] —_—
Ishida 2011 (FLU) 30.60 10.18 8.00 2530 3.00 9.00 8.7% 5.30 [-2.02; 12.62] T
Mestriner 2011a (REACH) 37.93 547 12.00 2543 547 6.00 9.9% 12.50[ 7.14; 17.86] —
Mestriner 2011b (WALK) 2869 582 1200 2543 547  6.00 9.8% 3.26 [-2.22; 8.74] o

Total (95% CI) 120.00 93.00 59.1% 4.70 [ -0.59; 10.00] -
Heterogeneity: Tau? = 34.49; Chi” = 21.51, df = 9 (P = 0.01); I = 58% j

Test for overall effect: Z = 1.74 (P = 0.08) :

ONSET [14+ DAYS] 3
MacLellan 2005 (CIMT) 2464 1689 1500 13.73 16.54 15.00 6.1% 10.91[-1.05; 22.87] T

Auriat 2006 (AE) 967 895 17.00 9.98 14.31 17.00 8.3% -0.31[-8.33; 7.71] ——

Total (95% CI) 32.00 32.00 14.4% 4.39 [ -6.46; 15.24] ——
Heterogeneity: Tau® = 35.94; Chi® = 2.33, df = 1 (P = 0.13); I = 57% i

Test for overall effect: Z=0.79 (P = 0.43) i

ONSET [UNCLEAR] :

Kim 2012a (REACH) 4513 1053 15.00 25.08 6.70 7.50 8.8% 20.05[12.88; 27.22] i —i—
Kim 2012b (REACH-lpsi)  36.14 10.22 1500 25.08 6.70 7.50 8.9% 11.06 [ 4.01; 18.11] ———
Total (95% CI) 30.00 15.00 17.7% 15.53 [ 6.72; 24.34] —
Heterogeneity: Tau® = 27.25; Chi* = 3.07, df = 1 (P = 0.08); I* = 67% :

Test for overall effect: Z = 3.46 (P < 0.01)

Total (95% Cl) 196.00 154.00 100.0% 6.36 [ 2.09; 10.64] -
Heterogeneity: Tau? = 40.75; Chi® = 42.03, df = 14 (P < 0.01); I = 67% T T
Test for overall effect: Z=2.92 (P < 0.01) -30 -20 10 0 10 20 30

Favours CONTROL Favours REHAB

% change in impaired forelimb use

Figure 3-7 Forest plot of random effects meta-analysis of spontaneous impaired
forelimb use grouped by timing of rehabilitation onset (days from ICH induction).
Rehabilitation increased use of the impaired forelimb, however this effect was
predominately driven by two interventions with unclear treatment onset (Kim 2012a, b).
Effect sizes presented as mean difference (MD), percent change in impaired forelimb use,

with 95% CI
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
ONSET [24-48 HOURS] !

Ishida 2011 (FLU) 66.20 16.97  8.00 4220 2400  9.00 4.0% 1.08[0.05; 2.12] =
Ishida 2015a (FLU) 920 509 800 -2000 690  9.00 3.6% 1.67 [ 0.53; 2.82] ——
Ishida 2016 (FLU) 760 450 7.00 -1880 470  6.00 2.4% 2.27[0.77; 3.77] :
Tamakoshi 2018a (AE) -1437 758 800 -1665 1140 266 2.7% 0.25 [-1.15; 1.64] —
Tamakoshi 2018b (AE) -10.48 5.58 6.00 -16.65 11.40 2,67 2.4% 0.73 [-0.78; 2.24] ——
Total (95% Cl) 37.00 29.33  15.2% 1.21[0.58; 1.84] o
Heterogeneity: Tau” = 0.09; Chi® = 4.82, df =4 (P =0.31); I’ = 17% :

Test for overall effect: Z = 3.75 (P < 0.01) :
ONSET [4-5 DAYS]

Auriat 2008 (ER) 2402 989 1200 1587 14.89 10.00 5.0% 0.63 [-0.23; 1.50] T
Tamakoshi 2014 (AT) 4942 17.44 6.00 4586 21.81 8.00 3.9% 0.17 [-0.90; 1.23] —
Fedor 2022a (ER) 9346 693 13.00 9184 550 9.00 5.0% 0.24 [-0.61; 1.10] —J-

Fedor 2022b (ER) 9534 878 10.00 100.00 0.00 11.00 0.0% ;

Total (95% ClI) 41.00 38.00 13.9% 0.37 [-0.16; 0.90] -
Heterogeneity: Tau” = 0; Chi’ = 0.58, df = 2 (P = 0.75); I* = 0%

Test for overall effect: Z=1.37 (P = 0.17) :
ONSET [7-8 DAYS] 5
DeBow 2003a (FLU) 2179 756 900 -2428 925 366 3.3% 0.29 [-0.93; 1.51] ——
DeBow 2003b (CIMT) -1453 9.05 11.00 -2428 925 367 3.2% 1.01 [-0.25; 2.26] —=—
DeBow 2003c (EX) -20.50 1373  9.00 -2428 925 367 3.3% 0.27 [-0.95; 1.50] e
Nguyen 2008 (EE) 8259 995 14.00 7582 1247 16.00 5.8% 0.58 [-0.15; 1.31] e
Auriat 2009 (ER) 8541 11.04 16.00 80.20 1468 16.00 6.0% 0.39 [-0.31; 1.09] e
Auriat 2010a (ER) -17.45 17.02 13.00 -34.38 17.52 13.00 5.3% 0.95[0.13; 1.77] -
Auriat 2010b (ER) -10.65 1204 16.00 -32.71 11.04 16.00 5.1% 1.86 [ 1.02; 2.71] P
Mestriner 2011a (REACH) -1562 4.16 1200 -3245 13.61 6.00 3.3% 1.92[0.71; 3.13] P
Mestriner 2011b (WALK) -2476 16.94 1200 -3245 13.61 6.00 4.3% 0.46 [-0.54; 1.45] e
Caliaperumal 2014 (ER) 96.54 440 11.00 69.74 17.17 11.00 3.9% 2.06 [ 0.99; 3.13] ——
Tamakoshi 2018¢ (AE) -1826 9.21 6.00 -16.65 11.40 267 2.6% -0.14 [-1.59; 1.30] i

Total (95% Cl) 129.00 97.67  46.0% 0.90 [ 0.47; 1.32] ->
Heterogeneity: Tau? = 0.24; Chi® = 19.72, df = 10 (P = 0.03); I = 49% g

Test for overall effect: Z=4.16 (P < 0.01) :
ONSET [14+ DAYS] g
MacLellan 2005 (CIMT) -12.30 922 1500 -12.04 895 15.00 5.9% -0.03 [-0.74; 0.69] ——

Auriat 2006 (AE) -11.04 1093 17.00 -1274 1159 17.00 6.2% 0.15 [-0.53; 0.82] i

Ishida 2015b (FLU) -1250 220 600 -1850 7.50  9.00 3.8% 0.93 [-0.17; 2.04] ——
Total (95% Cl) 38.00 41.00 159% 0.21 [-0.25; 0.68] -
Heterogeneity: Tau® = < 0.01; Chi® = 2.12, df = 2 (P = 0.35); I° = 6% :

Test for overall effect: Z =0.90 (P = 0.37) :
ONSET [UNCLEAR] :

Kim 2012a (REACH) -31.00 1247 1500 -49.10 10.91 7.50 4.3% 1.45[0.46; 2.44] =
Kim 2012b (REACH-Ipsi) -39.98 10.38 15.00 -49.10 10.91 7.50 4.7% 0.83 [-0.08; 1.75] 1
Total (95% Cl) 30.00 15.00 8.9% 1.12 [ 0.44; 1.79] -
Heterogeneity: Tau® = 0; Chi® = 0.81, df = 1 (P = 0.37); I° = 0% ;

Test for overall effect: Z=3.26 (P <0.01)

Total (95% CI) 275.00 221.00 100.0% 0.79 [ 0.52; 1.06] +
Heterogeneity: Tau® = 0.18; Chi® = 40.10, df = 23 (P = 0.01); I = 43% ‘ T T !
Test for overall effect: Z = 5.76 (P < 0.01) -2 0 2 4

Favours CONTROL Favours REHAB

Figure 3-8 Forest plot of random-effects meta-analysis of recovery of locomotor
function grouped by timing of rehabilitation onset (days from ICH induction).
Rehabilitation improved locomotor function with treatment onset of 24-48 hours [SMD
1.21 (95% CI 0.58-1.84), p<0.01] and 7-8 days [SMD 0.90 (95% CI 0.47-1.32), p<0.01];
however, treatment initiated at 4-5 or >14 days failed to significantly improve locomotor
function. Effect sizes presented as Hedge’s G standardized mean difference (SMD) with

95% CI
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3.3.9 Impact of Stroke Severity on Efficacy

To assess the impact of stroke severity on treatment efficacy, subgroups were
identified using the mean lesion volume reported in the comparator group (untreated
control). Severity was defined as mild (<30 mms3), moderate (31-60 mms3), severe (=61
mms3), and UNCLEAR®8.69, Rehabilitation improved skilled reaching in animals with
mild [SMD 1.01 (95% CI 0.54-1.48), p<0.01] and moderate [SMD 0.54 (95% CI 0.14-
0.94), p<0.01] but not severe ICH (Figure A-10 Appendix A). Rehabilitation did not
improve impaired forelimb use when lesion severity was known (Figure A-11 Appendix
A). Rehabilitation improved locomotor function in animals with mild [SMD 1.45 (95%
CI 0.94-1.95), p<0.01] and moderate [SMD 0.63 (95% CI 0.25-1.01), p<0.01] but not
severe ICH (Figure A-12 Appendix A). Consistent with clinical data, the most severe

strokes were associated with limited treatment efficacy.

3.3.10 Impact of Rehabilitation Dose by Treatment Type

Owing to substantial heterogeneity among rehabilitation interventions, impact of
dose was assessed by treatment type. Analysis was only conducted if >3 intervention
groups and >2 doses were present for an endpoint. Subgroups for treatment dose were
identified by natural differences observed within each dataset.

CIMT+FLU was divided into three treatment doses: FLU (56 hours), CIMT (FLU
56 hours + EX 7 hours), and FLU (168 hours) (Figure A-13 Appendix A). While
CIMT+FLU significantly improved skilled reaching, only FLU (168 hours) was
significantly associated with improved recovery [SMD 1.21 (95% CI 0.42-2.00), p<0.01].
CIMT+FLU improved spontaneous use of the impaired forelimb, however only CIMT

had a significant treatment effect [MD 12.69% (95% CI 2.39-22.99), p=0.02].
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CIMT+FLU significantly improved locomotor function; similar to skilled reaching, only
FLU (168 hours) significantly improved recovery [SMD 1.37 (95% CI 0.79-1.95),
p<0.01].

Aerobic exercise was divided into two doses: 0-2500 metres and 2501-5000
metres (Figure A-14 Appendix A). Ladder walking was the only endpoint with >3
intervention groups and >2 treatment doses; however, AE did not improve locomotor
recovery in the ladder walking task.

Enriched rehabilitation was divided into four doses based on time in EE and
REACH: EE (50-100 hours) + REACH (9-10 hours), EE (100-150 hours) + REACH (10
hours), EE (100-150 hours) + REACH (20 hours), and EE (600 hours) + EX (1.5 hours)
(Figure A-15 Appendix A). Enriched rehabilitation as a whole significantly improved
skilled reaching, however EE (100-150 hours) + REACH (10 hours) was the only
protocol to confer significant benefit [SMD 1.14 (95% CI 0.78-1.50), p<0.01]. Similarly,
ER significantly improved locomotor function in the ladder walking task, and only EE
(100-150 hours) + REACH (10 hours) conferred significant benefit [SMD 1.26 (95% CI

0.48-2.04), p<0.01].

3.4 Discussion

Rehabilitation improved motor recovery in skilled reaching, spontaneous
impaired forelimb use, and locomotor function. Unsurprisingly, there was substantial
variation in the quality of reporting and risk of bias among reviewed articles. Both
CIMT+FLU and REACH improved function across all endpoints, whereas ER only
improved skilled reaching and locomotor function, and AE failed to improve recovery in
any endpoint. Treatment dose did not influence recovery equally across rehabilitation
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types, and greater treatment dose did not consistently improve recovery. Treatments
initiated 24-48 hours and 7-8 days after ICH improved skilled reaching and ladder
walking, whereas treatments initiated 4-5 days or >14 days after ICH did not facilitate
recovery. Animals with smaller lesions (<30 mm3, ~3.7% hemisphere volume) showed
the greatest recovery in skilled reaching and locomotor function, whereas those with
moderate lesions recovered to a lesser extent. We found limited treatment efficacy in
animals that had severe ICH (=61 mms3, ~7.5% hemisphere volume), and this was true
across all functional domains. These findings are consistent with clinical data, and
represent a translationally relevant range in injury relative to the average ICH size in
patients (~27 cms3, or ~4.5% hemisphere volume).970 However, this encompasses a
wider range of injury than the mild and often narrow ranges reported in recent clinical
trials of mobilization7* and rehabilitation72 after hemorrhagic stroke (1.1-1.6% and ~2%
hemisphere volume, respectively).

Only CIMT+FLU and REACH treatments reliably improved recovery across all
three functional domains. Treatment effects were greatest in the REACH group across
all endpoints, followed by CIMT+FLU, suggesting that functional gains transferred to
non-trained skills. Interestingly, AE failed to improve recovery after ICH. While it is
unclear why, perhaps these interventions used very severe ICH; however only one
reported severity (91 mms3).38 Our findings differ from those arising from a meta-
analysis of preclinical rehabilitation after ischemia, where rehabilitation improved
running ability but not impaired forelimb function.26 Additionally, forced running (AE)
was effective in improving motor recovery after ischemia but CIMT was not,26
suggesting subtype specific rehabilitative efficacy. Owing to the small number of

interventions included in each subgroup, it is unclear what underlies these differences.
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Factors such as injury type (ischemia vs. ICH), location (cortical vs. subcortical), stroke
size (mild vs. severe), treatment type and intensity, and timing of intervention may play
arole.

The impact of treatment dose varied by treatment type, with greater dosages not
consistently improving efficacy, suggesting a non-linear relationship between dose and
recovery. In our CIMT+FLU analysis, only high dose FLU (168 hours) improved skilled
reaching and ladder walking, whereas only CIMT (FLU 56 hours + EX 7 hours)
improved impaired forelimb use. In contrast, only moderate dose ER (EE 100-150 hours
+ REACH 10 hours) improved skilled reaching and ladder walking. Complicating our
interpretation of dose, outside of AE interventions, few articles reported sufficient detail
to assess total treatment dose, for example only one article using REACH or ER reported
the number of repetitions completed.53 Consequently, and similar to most clinical trials,
dose was assessed as time in treatment (CIMT+FLU, ER, REACH), which may not
reflect the true extent of participation or whether intensity varied among interventions,
thereby impacting efficacy.”3 Given the importance of dosage, and the limited and
somewhat confusing findings here, it is clear that additional dose-response work is
needed.

Rehabilitation initiated 24-48 hours or 7-8 days after ICH was most beneficial,
yet why treatment initiated 4-5 days after ICH did not provide benefit is unclear.
Further assessment of interventions delivered <5 days after ICH identified FLU initiated
24 hours after a small capsular hemorrhage (7-8 mma3) as the only intervention to
provide significant functional benefit.56-58 Treatments initiated at 48 hours (AE, striatal
ICH, severity unknown),4! 4 days (AE, striatal ICH, ~60% striatal damage; AT, striatal

ICH, severity unknown),!54° and 5 days (ER, moderate striatal ICH, 38-40 mm3)48.53 did
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not provide benefit. Furthermore, of the interventions excluded from locomotor
function analysis, 4 used an onset <48 hours after ICH and were interpreted to suggest
mixed effects of early AE intervention on both behaviour and inflammation.43.45.47 While
earlier intervention in the subacute versus chronic phase of recovery is generally linked
with greater benefits, clinical investigations into the safety and utility of interventions in
the hyper-acute (0-24 hours) and acute (1-7 days) phases of recovery74 have yielded
mixed results.7-75-77 Notably, the AVERT trial found that frequent, high dose, early out
of bed mobilization was associated with decreased odds of favourable outcome at three
months post-stroke,”s and that increased intensity (i.e., greater time out of bed), but not
increased frequency of mobilization was associated with less favourable outcomes.7¢
Similarly, studies in experimental models of brain injury have demonstrated that early
and intense rehabilitation can exacerbate injury and worsen functional outcomes. 2122
Based on our findings, FLU (restraint, no training, standard laboratory housing)
initiated 24 hours after capsular hemorrhage may be beneficial, however further
exploration is required. One might hypothesize that FLU was of lower intensity and less
stressful than AE and ER, with the latter negatively impacting recovery at sensitive
times (e.g., nearing the peak of edema and secondary cell death after ICH).78-80 It
becomes plausible then, that intervention induced stress responses interact with
endogenous injury and repair processes in a complex manner, such as exacerbating
inflammation and/or supressing mechanisms thought to mediate recovery after ICH
(e.g., activation of M2-type microglia and hematoma clearance), and that this may vary
by lesion location or severity.

Study quality and risk of bias assessments showed pervasive reporting and

methodological issues and potential publication bias among the reviewed articles.
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Common reporting errors (Table 3-5) increase the risk of bias, while incomplete and
unclear reporting impairs our ability to draw conclusions about data validity and
generalizability. Furthermore, small sample sizes with low statistical power often
overinflate effect sizes, issues thoroughly discussed elsewhere.81-83 We found a
considerable range in group sizes used for behavioural analysis (n=5 to 23) with
analyzed group sizes often much smaller than initially reported, particularly in long-
term survival and time course studies. Relatedly, the role of laboratory housing
conditions on stroke recovery and treatment efficacy was often overlooked. A recent
meta-analysis found conventional laboratory housing (vs. enriched housing)
significantly compromises rodent health and likely increases severity of several
diseases.84 As conventional and solo housing are frequently used in preclinical
rehabilitation for control conditions, many studies may have exaggerated effect sizes
due to housing related worsening of health status in untreated (impoverished) controls
relative to human control groups that still receive conventional therapies. Together,
these quality issues may lead to widespread overestimation of effect sizes, a trend we
observed in our skilled reaching analysis (Figure A-16 Appendix A).

No single experimental model or animal population perfectly replicates the
complexity of the human brain,85 the pathological features of spontaneous ICH,79 or the
timing of injury and recovery processes.!8 Thus, diversity in models, settings, and
endpoints is recommended. Unfortunately, all articles in our review modeled sub-
cortical ICH in rodents and 29/30 used the collagenase model of ICH, raising concerns
about translation (e.g., to other injury locations or populations). Many of the
interventions we reviewed lacked clinical relevance. For example, running >1 kilometre

within the first day after ICH is unlikely to be used in clinical settings.45-47 Similarly,
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completing thousands of task repetitions during a 1-2 week training period is unlikely to
be achieved in clinical practice.53 Although some patients may achieve >200
repetitions/day, the average number of task repetitions completed in upper limb clinical
rehabilitation trials is 23-32 repetitions/session, and decreases as impairment
increases.86 Despite the clinical importance, only ~1/3 of articles systematically
compared factors such as treatment onset,41,43,57 type,42.44,54,59-61 or dose.41:53,:62,66 Mixed
results were often reported, underscoring the need for additional confirmatory-type
studies in ICH that systematically manipulate and directly compare the impact of
treatment parameters. Although useful, meta-analysis will never replace the need for
high quality, original research. At this time, we think it prudent to interpret our findings
as strongly supporting the need for additional experimentation specifically varying
intervention time or dose while also considering potential interactions with mechanisms
of injury and repair (e.g., inflammatory responses). Should such studies confirm
complex intervention-delay or dosage effects, then clinical studies will have to evaluate
such hypotheses and determine a way to optimize intervention timing (and dosage),
such as with biomarkers.

Preclinical interventions were typically characterized by a “one-size-fits-all”
approach, which fails to replicate the individual and impairment specific, goal-oriented
approach used by clinical rehabilitation professionals. Although skill transference may
be expected from some interventions, many studies often selected endpoints that were
unlikely to be improved by their chosen therapy without task specific training (e.g.,
using skilled reaching to measure AE efficacy) or only assessed gross impairment (e.g.,
NDS). Many of these endpoints fail to distinguish true recovery from compensation, a

limitation relevant to our findings. Here, we refer to improvement in function as
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recovery of function, however we cannot rule out that treatment effects could be a
combination of recovery and compensation, or compensation alone. Although the
statistical effects observed in this meta-analysis are considered large — they do not
directly show how much rehabilitation improves functional recovery. Clinical trials
frequently report treatment effects relative to the minimum clinically importance
difference (MCID),87 however few preclinical studies report an equivalent to the MCID
or conceptualize efficacy beyond statistical testing, making interpretation of functional
effect sizes challenging. In our review, only one article proposed an MCID-like
threshold,s3 arguing that a 3-pellet increase in reaching success (i.e., 1 level in the 7
level, 21-pellet staircase task) represents a meaningful difference in function. Thus, we
analyzed the subset of interventions that reported the number of pellets retrieved in
skilled reaching assessment. Rehabilitation improved reaching success by an average of
2.85 pellets but failed to exceed the 3-pellet threshold; by this measure, the treatment
effect is likely of limited functional impact.

Numerous resources and guidelines have been developed to improve the quality
of stroke research and translational success,29:88-94 yet for reasons unknown, adherence
to these guidelines remains far from universal.67 Preclinical successes will continue to
fail to translate if we do not disrupt this norm. Table 3-6 provides a roadmap for
improving quality and translational potential in preclinical rehabilitation research. With
the goal of increasing transparency and replicability, we identify actions to be taken at
each step of the scientific process, identify relevant resources, and outline how each
action contributes to the goal of improving scientific and translational rigor. In the spirit
of transparency, we encourage researchers to make raw data available as supplementary

files upon publication or available in a discipline specific open data repository (for an
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example see the Open Data Commons for Spinal Cord Injury9s). Similarly, we strongly
encourage journals to require authors to submit raw data as part of the peer review and
publication process. We believe that incorporating these actions from the outset of
experimental design provides a framework to reduce bias and improve methodological
rigour and transparency in reporting. However, poor reporting quality is not the root of
the problem — it is a consequence of a larger systemic issue. New trainees, established
researchers, and peer reviewers alike must be provided access to adequate training and
resources if we want to improve research quality and reproducibility. We encourage
research groups to include formal training on best practices in research and statistics
when onboarding new members. Familiarization with best practice guidelines (i.e.,
ARRIVE,89:92.93 RIGORY°), how compliance to these guidelines is assessed (i.e.,
CAMARADES;,3t SYRCLES32), and what these guidelines look like in practice are equally
important skills to preclinical researchers as learning animal husbandry or basic

surgical techniques.
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Table 3-6 Roadmap to Improving the Quality of Preclinical Rehabilitation Research

Element Action Goal
Scientific Rigor  Use the RIGOR,% ARRIVE, 89.93 SYRCLE,32 and Improve

CAMARADESS3! guidelines and checklists to inform decision methodological

making during experimental design. Consult the CONSIGN rigor, reduce risk

tool%4 to ensure selection of appropriate control groups of bias through a
priori study

[Phase: experimental planning] design

Implement recommendations from RIGOR and ARRIVE Improve quality of

during data collection — this includes (but is not limited to): data collected,

use of power calculations to determine group size, collecting reduce risk of bias

baseline data for ALL experimental groups, blinded induction introduced by

of ICH or randomizing animals to treatment group AFTER researchers

induction, blinding researchers to treatment identity for
assessment and analysis (particularly for subjective measures)

[Phase: data collection]

Analyze data using appropriate statistical methods (i.e.,
parametric tests for parametric data, non-parametric tests for
non-parametric data, ensure data does not violate test
assumptions), analyze and present appropriate summary
statistics (e.g., mean + SD or 95% CI for continuous data,
median + IQR for ordinal data), report exact summary data
values and error terms, and use scatterplots to represent data
whenever possible

[Phase: data analysis]

Improve statistical
reporting and
interpretation of
treatment effects

Report methods and data as outlined by the RIGOR and
ARRIVE guidelines — this includes (but is not limited to):
explicit reporting of total N, inclusion and exclusion criteria,
mortality and exclusions (with group identity; if none this
should also be stated), n/group analyzed for EACH endpoint,
types and timing of assessments used etc.

[Phase: manuscript preparation]

Improve
transparency and
reproducibility of
methods and
findings

Review final manuscript for compliance with RIGOR, ARRIVE,
SYRLCE, and CAMARADES guidelines and checklists; address
any deficiencies prior to submission for peer review

[Phase: peer review and publication]

Improve reporting
quality

Make raw data and relevant analysis code available via
supplemental data files or data repository

[Phase: peer review and publication]

173

Improve data
sharing and
research
transparency



Translational  Select translationally relevant endpoints and interventions Ensure preclinical
Rigor (i.e., assessment type, timing, and dosage that mimic clinical treatments assess
elements) and include functional endpoints in ALL studies of endpoints
rehabilitation. The goal of rehabilitation is to improve function relevant to human
and independence — endpoints used in preclinical work must disease/disorder
assess impairments that are similar to those observed clinically
[Phase: experimental planning]
Conduct multiple functional assessments (baseline, post-stroke Ensure treatment
and pre-treatment, and follow up) and prioritize long-term effects are not due
functional assessment (>28 days) in study design. Whenever to baseline
possible, ALL treated subjects should complete ALL functional  differences;
endpoints to prevent loss of statistical power provide insight
into stability of
[Phase: experimental planning, data collection] treatment effects
Include a histological assessment of stroke severity (i.e., Provide context to
hematoma or lesion volume) and report total volume of injury  interpret what
(i.e., not injury in a single slice or small region). Use population the
comorbidities relevant to ICH (e.g., hypertension, old age, treatment may
diabetes) benefit (or harm)
[Phase: experimental planning, data collection, data analysis,
manuscript preparation]
Rehabilitation = Define and describe the following treatment parameters: type, = Improve reporting
Dosage timing (onset, hours/days from stroke), treatment period (first  quality of
day of treatment — last day of treatment), duration of single treatment
treatment session (mins/hours/days), frequency of treatment protocols;
sessions increase
replicability
[Phase: experimental planning, data analysis, manuscript
preparation]
Operationally define and report treatment intensity (e.g., Provide insight
repetitions, m/min, time in restraint); calculate and report into how intensity
total treatment dosage (i.e., time in treatment, total repetitions, may impact
distance run, etc.) recovery

[Phase: experimental planning, data collection, data analysis,
manuscript preparation]

Adopt a standardized approach to reporting timing of
intervention and assessments: stroke=day o0 should be used as
a reference point

[Phase: experimental planning, data analysis, manuscript
preparation]

Standardize how
data is discussed
in the context of
time since stroke

Include experimental timeline figure indicating the timing for
all periods of training, treatment, and assessment

[Phase: manuscript preparation]
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3.5 Conclusion

Our systematic review and meta-analysis show that rehabilitation improves
skilled reaching, spontaneous impaired forelimb use, and locomotor function after ICH.
CIMT+FLU and REACH were the only therapies to improve motor recovery across all
three domains, whereas ER improved skilled reaching and locomotor function, and AE
did not provide benefit in any domain. Acknowledging the limited quality and scope of
articles included in our analysis, these findings provide strong evidence for a statistically
significant effect of rehabilitation after ICH, but one of unclear functional meaning.
While earlier intervention was generally better than delayed intervention (i.e., onset at
7-8 days versus >14 days), efficacy of rehabilitation delivered <7 days after ICH is
unclear. In alignment with clinical findings, rehabilitation was most effective following
mild-moderate ICH, but of limited benefit after severe ICH. As others have called for,
our analysis of key issues in scientific rigour and translational relevance highlights the
need for continuing improvements in ICH rehabilitation research, and a clear need for
additional work on dosage, timing, and other parameters. Without these improvements,
future studies risk using rehabilitative interventions with limited functional efficacy or
clinical relevance, potentially wasting limited financial resources and time pursuing
lines of inquiry propped up by poor data. As we move into the era of precision medicine,
identifying characteristics that pinpoint who best benefits from a treatment and what
factors impact efficacy is essential to increasing translational success, optimizing

rehabilitation, and ultimately, improving patient outcomes.
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Chapter 4 | An exploratory analysis of predictors of motor

recovery after preclinical intracerebral hemorrhage
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4.1 Introduction

In the aftermath of stroke, ~80% of survivors will experience some level of
temporary or permanent paresis in one or more limbs.! Independence in activities of
daily living is often diminished, as up 50-60% of survivors will live with persistent
impairment or disability.23 Owing to the heterogenous nature of stroke, no two injuries
are the same. Therefore, understanding what factors predict patient recovery or
response to treatment is of critical clinical importance and essential to clinicians, family,
and patients in making informed choices regarding care.4

In the hours, days, weeks, and months after stroke, endogenous systems of repair
lead to spontaneous and rehabilitation-facilitated recovery of neurological and
behavioural function.5 However, this recovery is often incomplete, and in some cases,
extremely limited. In 2008, Prabhakaran et al.¢ were the first to report evidence
indicating a proportional relationship between initial impairment and recovery after
stroke. In an analysis of upper limb recovery measured as change in the Fugl-Meyer
Upper Extremity score (FM-UE) in ischemic stroke patients, they reported that when
outliers were removed (i.e., patients with severe initial impairment that achieved limited
to no recovery), >80% of patients recovered ~70% of their early impairment.®
Subsequent studies of recovery in the upper”:8 and lower limbs,9:1° aphasia,* and
neglect2 have supported this initial finding, reporting mean recovery of initial
impairment ranging from 63-97% in the majority of patients (deemed “fitters”).
Together, these results have been interpreted to suggest the possibility of an underlying
biological factor or mechanism of recovery,s leading stroke researchers to term this
phenomenon the proportional recovery rule. However, up to 30% of patients will not

achieve proportional recovery — these “non-fitters” show more modest improvement or
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worsening over time.6-810.12.13 As not all patients achieve proportional recovery, and
tools that exclusively use clinical information to predict outcome struggle to accurately
predict for those with moderate-severe initial impairments,4 detecting biological
characteristics (i.e., biomarkers) to identify who recovers and why has become an
important topic of research.

Indeed, biomarkers capable of predicting long-term outcomes and potential for
recovery after stroke have been identified as a key priority for moving stroke recovery
and rehabilitation research forward.15 Integrity of the corticospinal tract (CST), a white
matter tract that passes through the internal capsule, has been identified as a reliable
predictor of motor recovery due to its role in voluntary movement.3.16 Clinically, CST
integrity can be assessed both functionally, through neurophysiological assessment of
motor evoked potential (MEP) status, and structurally, using neuroimaging to assess
CST injury (i.e., CST lesion load)¢ or fractional anisotropy (FA) asymmetry in the
posterior internal capsule.’4 Good prognosis is typically associated with the ability to
elicit MEPs,!7 greater hemispheric symmetry, limited CST injury (i.e., <63% loss of
CST),8 and less FA asymmetry in the posterior internal capsule.

Animal models are frequently used to explore underlying mechanisms of injury
and recovery after stroke, with the goal of translating research findings to clinical
practice. Yet despite numerous promising preclinical findings, very few results
successfully replicate, and even fewer survive the “valley of death” as they move from
bench to bedside.’9 Many factors have been attributed to these failures (e.g.,
experimental models, design, and methodology; statistical errors; lack of
transparency),20-2! and several guidelines have been developed to help researchers

improve translation, often by addressing concerns related to internal validity.22-25
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However, these guidelines often provide limited direction in addressing factors related
to external validity, ensuring that questions persist surrounding the generalizability of
preclinical research results.26 One way to improve the likelihood of successful
translation is to ensure that our experimental models reflect not only the pathological
features of our condition of interest (i.e., mode and timing of cell injury), but also the
variability of the condition in the human population.26 As such, understanding whether
proportional recovery exists in preclinical models of stroke is important to evaluating
the suitability of our experimental models and populations and validating whether
similar biomarkers exist between clinical and preclinical populations.

There is some evidence in translational models of stroke to support that
proportional recovery is a phenomenon conserved across species. In a retrospective
analysis of recovery after ischemic stroke induced by endothelin-1 (ET-1), Jeffers and
colleagues found evidence for proportional recovery in rats (62-70% recovery of initial
impairment), a range overlapping with those reported clinically.2? However, only ~30%
of rats were considered “fitters” of the rule, compared to >70% of individuals in clinical
reports.6-13 Interestingly, ~60% of rats showed no or very limited recovery after
ischemic stroke (“non-fitters”), while ~10% showed worsening over time (“decliners”);
though why is unclear, it may be a result of including a wider range in injury severity
compared to the clinical literature.27 Similar to clinical findings, biomarkers for rats that
fit the proportional recovery rule included less initial impairment, smaller lesion size,
and less striatal injury.27

There is insufficient work as to whether patterns of recovery differ by stroke
subtype. Nevertheless, and despite a growing interest in proportional recovery, most

studies have used either exclusively ischemic populations, or a heterogenous population

188



with <15% hemorrhagic stroke patients.® Although some have reported no subtype
specific differences in impairment at time of admission or discharge from
rehabilitation,28:29 others in both clinical3°-33 and preclinical populations34 have
reported differing patterns of functional recovery after ischemic and hemorrhagic
stroke. While intracerebral hemorrhage (ICH) is typically associated with greater
functional and cognitive impairments at time of admission to inpatient rehabilitation,
ICH patients make greater gains during treatment and are discharged with comparable
impairment to those admitted following ischemic stroke.3:-33 Furthermore, when
matched for stroke severity, ICH has been associated with better neurological3° and
functional prognosis.32:34 The mechanisms underlying these findings are unclear,
however some have hypothesized they are related to the resolution of the hematoma,
edema, and mass effect after ICH.30:31.35 Although ischemic and hemorrhagic stroke
share many pathological features and mechanisms of injury (discussed in 1.6.2

Secondary Injury), several distinct processes occur that may alter the timeline of cell

death, injury resolution, and response to treatment (e.g., triggering of the ischemic
cascade vs. cytotoxic effects of hematoma breakdown).3¢ As preclinical studies are
habitually used to explore mechanisms of injury and repair and how they contribute to
resolution of impairment, characterizing recovery in preclinical models is an important
step towards understanding and improving translation.

Here, we provide a retrospective, post-hoc exploratory analysis of recovery after
hemorrhagic stroke in a preclinical rat model of striatal ICH37 and present the first
known analysis of proportional recovery in an exclusively hemorrhagic stroke
population. The primary aims of this analysis were to 1) determine whether recovery in

skilled reaching is proportional to initial impairment after experimentally induced
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striatal ICH, and if so, to what extent, and 2) to evaluate whether clinically relevant
factors such as severity, lesion size, and internal capsule damage predict recovery after

ICH.

4.2 Methods

4.2.1 Dataset

Data from the 60-day survival study described in Chapter 2 (Experiment 2)37 was
compiled for retrospective analysis. All rats in this dataset received a striatal ICH in the
hemisphere contralateral to their preferred paw (1.2 uL type IV-S bacterial collagenase;
injected AP +0.5, ML £3.5, DV -6.5 from Bregma). Rats were eligible for inclusion in

this analysis if the following data were available:

=

pellets retrieved in Montoya staircase pre-stroke (Pelletspre),

N

. pellets retrieved in initial post-stroke staircase assessment (Pelletspi)
a. significant impairment: Pelletspi outside the rat’s 95% confidence
interval (CI) of Pelletspre,2”
3. pellets retrieved in final post-stroke staircase assessment (Pelletsys),
4. total volume of tissue loss (mms3),

5. average pellets retrieved in rehabilitation daily (Rehabint),

(o))

. total pellets retrieved in rehabilitation (Rehabdose).

Sixty-four rats met the inclusion criteria and were eligible for analysis.
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4.2.2 Internal Capsule Damage

Damage to the white matter passing through the internal capsule was not
quantified in our original experiment, therefore a secondary series of slides were
retrieved for each animal and stained with Luxol Fast Blue to visualize myelin.38
Brightfield microscopy was then used to explore damage to the white matter in the
internal capsule between 0 to -3 mm from Bregma with landmarks identified using the
WHS rat brain atlas (v1.01, RRID: SCR_017124).39 Owing to inconsistent stain
deposition, injury to the internal capsule could not be directly quantified and was
therefore rated as present (lesion overlapping tract), adjacent (lesion <50 um from
tract), or absent (lesion >50 um from tract or not present). Brain sections were
inspected under the microscope to evaluate the presence or absence of injury in the
internal capsule for each 500 pum interval between 0 to -3 mm from Bregma. Each
interval was scored as 2 (present), 1 (adjacent), or o (absent) and then summed to create
the ICdamage score (0-12), where a score of 0 represented no damage and 12 represented

damage to the internal capsule across all analyzed intervals.

4.2.3 Statistical Analysis

Initial impairment (Pelletsii) in skilled reaching was calculated as the change in
pellets retrieved prior to ICH (Pelletspre) and in the initial post-ICH, pre-treatment
testing session (Pelletspi) for each animal as:

Pellets;; = # Pellets,,. — # Pellets,,,

where greater values of Pelletsii represent greater impairment.

191



Observed recovery in skilled reaching (APellets) was calculated as the change in
pellets retrieved between the initial post-ICH assessment (Pelletspi) and the final post-
ICH skilled reaching assessment (Pelletsps) for each animal as:

APellets = # Pellets,; — # Pellets,,,

where greater values of APellets represent greater recovery.
Percent recovery of initial impairment (Rs%) was then calculated as the observed

recovery in skilled reaching (APellets) divided by initial impairment (Pelletsii) for each

animal as:
APellets
Ry, = x 100%.
% Pellets;; %

As done by others,27 agglomerative hierarchical cluster analysis using Ward’s
minimum variance method was performed on the Ry data to identify unique recovery
groups, using R (v.4.3.0; R Core Team, 2023) and RStudio (v.2023.3.1.446; Posit Team,
2023) with the tidyverse,4° cluster,4! and nbclust42 packages. Assessment of optimal
number of clusters was completed using the elbow and average silhouette methods.
Mean Ry and 95% CI were then calculated for each cluster; if the 95% CI of the cluster’s
Ry overlapped with a clinically reported CI of proportional recovery (i.e., >47%, the
lowest 95% CI boundary reported)”, the group was considered likely to fit the
proportional recovery rule.

Descriptive characteristics were then analyzed for each group. Parametric data
was analyzed in GraphPad Prism (version 10.0.2 for Mac, GraphPad Software, San

Diego, California) using one-way ANOVA with Tukey’s multiple comparisons test; if
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data failed normality, the Kruskal-Wallis test with Dunn’s multiple comparison test was
used. Owing to the small size of some of the groups identified in the dataset, non-
parametric (categorical data) was analyzed in R using the Fisher’s Exact test. Data are
presented as mean and 95% CI for parametric data and median + IQR for non-
parametric data in figures; for the purpose of comparing to others,27:43 descriptive
characteristics for recovery groups are presented as mean + standard deviation (SD) in
Tables 4-1 and 4-2 and when referred to in text.

Next, simple linear regression was performed to explore whether the observed
recovery (APellets) in skilled reaching was directly proportional to initial impairment
(Pelletsii) and determine whether the groups identified in the cluster analysis were
distinct. To assess how well proportional recovery was predicted by hierarchical
clustering, simple linear regression was performed between observed recovery
(APellets) and predicted recovery (APelletspredict) using R«, the average percent recovery
of impairment, in the moderate-recoverers in each clustering model:

APelletsyyeqice = (Pellets;;) x Ry,

Based on previous clinical and preclinical analyses, data for initial impairment
(Pelletsii),®-1327 volume of tissue loss,%27 CST injury (ICdamage),3'3 and rehabilitation
(Rehabdose)8:9:13:43 were selected as candidate variables for evaluating predictors of
recovery. Multiple linear regression was performed using a backwards stepwise
elimination procedure, where non-significant predictors were removed in a stepwise
fashion and regression was repeated.®7:43 Owing to the exploratory nature of this
analysis, the elimination procedure was repeated until only significant predictors

remained (p<0.05) or removal of an unsignificant predictor worsened the goodness-of-
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fit of the model (i.e., decreased adj-R2 and increased residual standard error).¢ Finally,
to assess whether the best multiple regression model (i.e., highest adj-R2 and lowest
residual standard error) was superior at predicting observed recovery (APellets) than

initial impairment alone (Pelletsii), a partial F-test was conducted.

4.3 Results

4.3.1 Identification of Recovery Clusters

Hierarchical cluster analysis of Ry identified clusters with statistically different
average Ry% (p<0.001 in all comparisons). However, assessment of the optimal number
of clusters lacked consensus and suggested recovery may be best characterized by 3 or 4
groups (elbow method vs. average silhouette method). As such, both the 3-cluster and 4-
cluster models of recovery were characterized (Table 4-1).

Table 4-1 Characteristics of recovery of impairment (R%) in recovery models

Model Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-value
Full Mean Ry: 30.2%
dataset |[Median Ry: 29.0
95% CI: 21.8, 38.7
Range: -69.6, 114.6

n=64
3-cluster|Mean Ry: -48.6%pPm  |Mean Ry: 17.6%4m |Mean Ry: 58.3%%p <0.0001
model |Median Ry: -46.8% |Median Ry: 19.1% |Median Ry: 52.1% [1]

95% CI: -64.8,-32.3 |95% CI: 14.2,21.1  |95% CI: 50.5, 66.1
Range: -69.6,-36.7 |Range: -2.5,31.55 |Range: 35.2,114.6

n=5/64,7.8% n=31/64, 48.4% n=28/64, 43.8%
Group: decliners Group: poor- Group: moderate-
recoverers recoverers

4-cluster|Mean Ry: -48.6%pPmh |Mean Ry: 17.6%dmbh |Mean Ry: 48.5%dph | Mean Ry: 87.8%dpm |<0.0001
model |Median Ry: -46.8% |Median Ry: 19.1% |Median Ry: 46.6% |Median Ry: 79.4% [2]

95% CI: -64.8,-32.3 |95% CI: 14.2, 21.1  |95% CI: 44.4, 52.5 [95% CI: 75.1, 101
Range: -69.6,-36.7 |Range: -2.5,31.55 |Range: 35.2,66.3 |Range: 77.4, 115

n=5/64,7.8% n=31/64, 48.5% n=21/64, 32.8% n=7/64, 10.9%
Group: decliners Group: poor- Group: moderate- |Group: high-
recoverers recoverers recoverers

Legend: Significant differences among groups (p<0.001) represented by superscript lettering 4
(decliners), » (poor-recoverers), ™ (moderate-recoverers), and b (high-recoverers). [1] Result of one-way
ANOVA with Welch’s correction and Dunnett’s multiple comparisons test. [2] Result of one-way ANOVA
with Tukey’s multiple comparisons test
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Both models shared two identical recovery clusters, “decliners” (mean Ro=-
48.6%, 7.8% of dataset) and “poor-recoverers” (mean R%=17.6%, 48.4% of dataset). The
remaining rats were identified as “moderate-recoverers” (mean R%=58.3%, 43.8% of
dataset) in the 3-cluster recovery model (Figure4-1A); this group was further subdivided
in the 4-cluster recovery model as it identified a unique group of rats that achieved near
complete recovery (Figure4-1B). As such, the remaining two groups in the 4-cluster
model were “moderate-recoverers” (mean R%=48.5%, 32.8% of dataset) and “high-

recoverers” (mean R%x=87.8%, 10.9% of dataset).
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Figure 4-1 Recovery of impairment (Rx) in the recovery groups identified in the A 3-
cluster and B 4-cluster models. Both models identified statistically distinct recovery
groups (p<0.001) and generated identical clusters for decliners and poor-recoverers. In
the 4-cluster model, the moderate-recoverers were subdivided, with rats displaying
greatest recovery (>75%) identified as a unique subgroup termed high-recoverers. Data
presented as scatterplots (individual rats) superimposed over bar graphs (group mean)
with 95% CI
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4.3.2 Characteristics of Recovery Groups in 3-Cluster Model

There were no significant differences in pre-stroke performance in skilled
reaching (Pelletspre) among recovery groups (p=0.204) identified in the 3-cluster model.
Initial impairment (Pelletsii, Figure 4-2A) was not significantly different among groups
(p=0.071), however there was a significant difference (p=0.016) in pellets retrieved in
the initial post-ICH skilled reaching assessment (Pelletspi, Figure 4-2B), with decliners
retrieving significantly more pellets than both poor- and moderate-recoverers (p<0.05).
There was a significant difference (p<0.001) in pellet retrieval in the final post-ICH
skilled reaching assessment (Pelletspt, Figure 4-2C) and the moderate-recoverers
retrieved more pellets than both decliners and poor-recoverers (p<0.01). Similarly,
observed recovery (APellets, Figure 4-2D) significantly differed among groups
(p<0.001), with moderate-recoverers showing superior recovery to both decliners and
poor-recoverers (p<0.001), and poor-recoverers showing superior recovery to decliners
(p<0.001). Total volume of tissue loss (Figure 4-2E) and damage in the internal capsule
(ICdamage, Figure 4-2F) did not differ among recovery groups (p=0.143 and p=0.343,
respectively). Similarly, the number of rats with or without rehabilitation (Figure 4-3A)
did not differ among groups (p=0.375); intervention characteristics of dose (Rehabadose,
Figure 4-3C) and intensity (Rehabint, Figure 4-3E) were also not significantly different
(p=0.249) in the subsets of rehabilitation treated rats. Descriptive statistics and

comparisons for the 3-cluster model are described in Table 4-2.
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Figure 4-2 Functional and injury characteristics of recovery groups in the 3-cluster
recovery model. A Initial impairment post-ICH (Pelletsii); higher scores represent worse
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assessment (Pelletspr). D Recovery of skilled reaching function post-ICH (APellets);
higher scores represent greater recovery. E Total volume of tissue loss (mms3). F Internal
capsule damage score
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Figure 4-3 Rehabilitation characteristics of recovery groups. A, B Percentage of group
that received rehabilitation; darkened bar represents % treated. C, D Total number of
pellets retrieved in rehabilitation (dose). E, F Average number of pellets retrieved daily
in rehabilitation (intensity). C-F 3-cluster model: decliners (n=3), poor-recoverers
(n=18), moderate-recoverers (n=21); 4-cluster model: decliners (n=3), poor-recoverers
(n=18), moderate-recoverers (n=15), high-recoverers (n=6)
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Table 4-2 Descriptive statistics of 3-cluster model of recovery groupings

Decliners Poor- Moderate- p-value
(n=5) recoverers recoverers
(n=31) (n=28)
Functional Characteristics
Pelletspre 16.3+3.9 16.8+2.9m 15.2+3.5 0.204
[1]
Pelletsy; 9.7+2.0Pm 5.6+3.34 5.0+3.44 0.016
[2]
Pelletspt 6.6+2.3f 7.842.4m 10.6+3.09p <0.001
[2]
Pellets; 6.6+2.9 11.1+4.5 10.243.5 0.071
[2]
APellets -3.1+1.3pm 2.2+1.6dm 5.6+2.04p <0.001
[2]
Injury Characteristics
Tissue loss (mms3) 30.31£9.7 40.7£13.1 42.7+12.7 0.143
[2]
ICdamage (median + IQR) | 1 (0, 2) 2(0,4) 2 (0.25, 4.75) 0.343
[1]
0 to -1 from Bregma | 1/2/2 17/4/10 15/6/7 0.441
(#yes/adjacent/no) [3]
-1to -2 from Bregma | o/0/5 4/1/26 6/1/21 0.783
(#yes/adjacent/no) [3]
-2 to -3 from Bregma | 0/0/5 1/0/30 3/0/25 0.525
(#yes/adjacent/no) [3]
Rehabilitation Characteristics
Rehabilitation 3/2,60% 18/13, 58.1% 21/7,75% 0.375
(yes/no, % yes) [3]
Days of treatment 3/0 11/7 9/12 0.196
(#10 days/20 days) [3]
Rehabaose 49331327 6523+3403 778843215 0.249
[2]
Rehabint 493+32.7 452+118 485+109 0.601
[2]

Legend: Data presented as mean+SD except when noted otherwise. Significant differences among groups

(p<0.05) represented by superscript lettering 4 (decliners), P (poor-recoverers), and ™ (moderate-

recoverers). [1] Result of Kruskal-Wallis test with Dunn’s multiple comparison test. [2] Result of one-way

ANOVA with Tukey’s multiple comparisons test. [3] Result of Fisher’s Exact Test
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4.3.3 Characteristics of Recovery Groups in 4-Cluster Model

There were no significant differences in pre-stroke performance in skilled
reaching (Pelletspre) among recovery groups (p=0.074) in the 4-cluster model. As before,
initial impairment (Pelletsii, Figure 4-4A) was not significantly different among groups
(p=0.053), however there was a significant difference (p=0.042) in pellets retrieved in
the initial post-ICH skilled reaching assessment (Pelletspi, Figure 4-4B), with decliners
retrieving significantly more pellets than moderate-recoverers (p<0.05). There was a
significant difference (p<0.001) in pellet retrieval in the final post-ICH skilled reaching
assessment (Pelletspt, Figure 4-4C), with both moderate- and high-recoverers
performing superiorly to decliners and poor-recoverers (p<0.05); moderate- and high-
recoverers were not significantly different from one another (p=0.426). Similarly,
observed recovery (APellets, Figure 4-4D) significantly differed among groups
(p<0.001), with moderate- and high-recoverers showing superior recovery to both
decliners and poor-recoverers (p<0.001); again, moderate- and high-recoverers were
not significantly different from one another (p=0.069). As in the 3-cluster model, total
volume of tissue loss (Figure 4-4E) and damage in the internal capsule (ICdamage, Figure
4-4F) did not differ among recovery groups (p=0.224 and p=0.132, respectively).
Similarly, the number of rats with or without rehabilitation (Figure 4-3B) did not differ
among groups (p=0.502); intervention characteristics of dose (Rehabdose, Figure 4-3D)
and intensity (Rehabint, Figure 4-3F) were also not significantly different (p>0.126) in
the subsets of rehabilitation treated rats. Descriptive statistics and comparisons are

described in Table 4-3.
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Figure 4-4 Functional and injury characteristics of recovery groups in the 4-cluster
recovery model. A Initial impairment post-ICH (Pelletsii); higher scores represent worse
impairment. B Number of pellets retrieved in initial post-ICH skilled reaching
assessment (Pelletspi). C Number of pellets retrieved in final post-ICH skilled reaching
assessment (Pelletspr). D Recovery of skilled reaching function post-ICH (APellets);
higher scores represent greater recovery. E Total volume of tissue loss (mms3). F Internal
capsule damage score
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Table 4-3 Descriptive statistics of 4-cluster model of recovery groupings

Decliners | Poor- Moderate- High- p-value
(n=5) recoverers recoverers recoverers
(n=31) (n=21) n=7)
Functional Characteristics
Pelletspre 16.3+3.9 16.8+2.9h 15.9+3.4 13.1£3.0 0.074
[1]
Pelletsy; 9.7+£2.0m 5.6+3.3 5.0+3.84d 4.9+2.0 0.042
[2]
Pelletsp¢ 6.6+2.3mh 7.842.4mh 10.2+3.09p 12.0+2.64p <0.001
[2]
Pellets; 6.6+2.9 11.1£4.5 10.943.3 8.2 +3.4 0.053
[2]
APellets -3.1+1.34pm | 2 241 ,6dmh 5.2+1.64p 7.0£2.64p <0.001
[2]
Injury Characteristics
Tissue Loss (mms3) 30.3+£9.7 40.7+13.1 43.7£13.1 39.7+11.6 0.224
[2]
ICpamage (median+IQR) 1[o, 2] 20, 4] 2[1,5.5] o[o, 3] 0.132
[1]
oto-1 1/2/2 17/4/10 13/5/3 2/1/4 0.176
(#yes/adjacent/no) (3]
-1to -2 0/0/5 4/1/26 5/1/15 1/0/6 0.845
(#yes/adjacent/no) (3]
-2t0-3 0/0/5 1/0/30 2/0/19 1/0/6 0.513
(#yes/adjacent/no) (3]
Rehabilitation Characteristics
Rehabilitation 3/2,60% 18/13, 58.1% 15/6, 71.4% 6/1, 85.7% 0.502
(ves/no, % yes) (3]
Days of treatment 3/0 11/7 8/7 1/5 0.116
(#10 days/20 days) [3]
Rehabgose 49331327 6523+3403 703242971 9678+3260 0.126
[2]
Rehabint 493+32.7 452+118 476+114 512+100 0.691
[2]

Legend: Data presented as mean+SD except when noted otherwise. Significant differences among groups
(p<o0.05) represented by superscript lettering 4 (decliners), P (poor-recoverers), ™ (moderate-recoverers),
and b (high-recoverers). [1] Result of Kruskal-Wallis test with Dunn’s multiple comparison test. [2] Result
of one-way ANOVA with Tukey’s multiple comparisons test. [3] Result of Fisher’s Exact Test
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4.3.4 Exploring Proportional Recovery

On average, rats recovered ~30% of initial impairment (R%). Observed recovery
in skilled reaching (APellets) was considered to be directly proportional to initial
impairment (Pelletsii) in the full dataset (Y=0.34%X-0.24, R2=0.21, F(1,62)=16.1,
Pp<0.001, Figure 4-5A,B) as both x- and y-intercepts were =0, with o falling in the
middle of their respective 95% CIs. Despite the identification of statistically distinct
groups in the hierarchical cluster analysis, only the decliner group was visually

identifiable as its own distinct cluster.

A 151 B 154 v Decliners
= Poor-recoverers
124 124 ° M}oderate-recoverers ’
4 High-recoverers
* . A 4
9
7] (2]
5 3
° @
o o 3
< <
0
9
3 . * . 31 v ¥ v
* v
-6- -6-
Pellets;; Pellets;;

Figure 4-5 Exploring proportional recovery. A Relationship between initial impairment
(Pelletsii) and observed recovery (APellets) in the full dataset (regression line: Y=0.34*X-
0.24, R2=0.21, F(1,62)=16.1, p<0.001; n=64). Although hierarchical clustering identified
statistically different recovery groupings, only the decliner group (i.e., APellets<o) was
identifiable. Most rats showed some degree of recovery; there was no obvious delineation
between clusters identified as poor-, moderate-, or high-recoverers. B Full dataset
visualized with group identities from the 4-cluster model; black line represents regression
line, dotted teal line represents threshold of 100% recovery, and dotted orange line
represents threshold of 70% recovery
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To assess how well proportional recovery was predicted by hierarchical

clustering, simple linear regression was performed between observed recovery

(APellets) and predicted recovery (APelletspredict) using R%x=58.3%, the average percent

recovery of impairment in the moderate-recoverers in the 3-cluster model (Figure 4-

6A). Approximately 44% of rats (n=28) achieved the predicted ~58% recovery of

impairment; while linear, this relationship was not directly proportional

(Y=0.339*X+2.18, R2=0.333, F(1, 26)=13.0, p=0.001), and several datapoints from the

poor-recoverer group (~19%) fell within the 95% CI. Furthermore, the poor-recoverers

still displayed a linear relationship between observed and predicted recovery, albeit to a

lesser extent (Y=0.293*X-1.08, R2=0.694, F(1, 29)=65.72, p<0.001).

A

APellets e qict

APellets

12

121

Decliners
Poor-recoverers

Moderate-recoverers
High-recoverers

APellets

Figure 4-6 Relationship between observed recovery (APellets) and predicted recovery
(APelletspredict). Note the absence of datapoints clustered around the y-axis, indicating a
lack of a distinct group of non-recoverers as well as the overlap of several poor-recoverers
inside the 95% CI of moderate-recoverers. A Relationship between observed recovery and
predicted recovery in the 3-cluster model where R%=58.3% (regression line:
Y=0.339*X+2.18, R2=0.333, F(1, 26)=13.0, p<0.001). B Relationship between observed
recovery and predicted recovery in the 4-cluster model where R%=48.5% (regression line:

Y=0.804*X+1.12, R2=0.656, F(1,19)=36.21, p<0.001)
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We then assessed whether treating the high-recoverers as overperformers (i.e.,
outliers) improved predictive ability. Simple linear regression was again performed, this
time using R%=48.5%, the average percent recovery of impairment in the moderate-
recoverers in the 4-cluster model (Figure4-6B). Approximately 34% of rats (n=21)
achieved the predicted ~49% recovery of impairment (Y=0.804*X+1.12, R2=0.656,
F(1,19)=36.21, p<0.001); although the line of best fit did not pass through the origin, the
relationship may be directly proportional as the 95% CI of the x- and y- intercepts both
contained 0. Despite adjusting predicted recovery to ~49%, the number of poor-

recoverers that fell within the 95% CI of the moderate-recoverers remained unchanged.

4.3.5 Predictors of Recovery

Together, initial impairment (Pelletsii) and rehabilitation dose (Rehabdose) were
superior at predicting recovery in the full dataset compared to initial impairment alone
(partial F-test p=0.0132) and accounted for greater variance (R2=0.260 and R2=0.207
respectively). Regression coefficients are described in Table 4-4; correlational data
between observed recovery (APellets) and initial impairment (Pelletsii), internal capsule
damage (ICdamage), rehabilitation dose (Rehabdose), and rehabilitation intensity (Rehabint)

are in Figure B-1 and Table B-1 (Appendix B).
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Table 4-4 Multiple linear regression statistics for predicting APellets
Full dataset

Predictor p 95% CI p* t-value p-value Goodness-of-Fit
Intercept -1.40 [-3.42, 0.619] - -1.39 0.171 adj-R2=0.260
Pellets;; 0.362 [0.200, 0.525] 0.486 4.45 <0.0001 gsgggfi”
Rehabgose 0.000199 [-0.0000431, 0.278 2.55 0.0132

0.000356]
Intercept -0.237 [-2.12, 1.64] - -0.252 0.802 R2= 0.207
Pellets; 0.339 [0.170, 0.508] 0.454 4.02 <0.0001 II){ivéS.(l;:o 12'75

Partial F-Test: p=0.0132, models are significantly different
Legend: B*(standardized p)

4.4 Discussion

This exploratory post-hoc analysis suggests that proportional recovery occurs in
preclinical models of striatal ICH, albeit to a much lesser extent (~30%) than what has
been reported elsewhere (63-97% clinically,®-13 ~66% preclinical ischemiaZ27).
Interestingly, hierarchical cluster analysis proposed that recovery following preclinical
ICH may be characterized by four recovery groups (decliners, poor-recoverers,
moderate-recoverers, and high-recoverers), rather than two7:8.10,1213 or three27 as others
have previously described. Nevertheless, although many rats achieved limited recovery,
there was no evidence of a distinct group of non-recoverers (i.e., “non-fitters”) outside of
the 5 rats whose performance worsened over time (decliners).

Hierarchical cluster analysis could not definitively determine an optimal
clustering model; therefore, both the 3-cluster and 4-cluster models were characterized.
Both models shared two identical recovery groups, decliners (R%=-48.6%) and poor-
recoverers (R%=17.6%), however they differed in how they grouped the remaining rats;

the 3-cluster model left these rats as one group (moderate-recoverers, R%=58.3%),
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whereas the 4-cluster model split this group into moderate-recoverers (R%=48.5%) and
high-recoverers (R%=87.8%).

While recovery of impairment differed among groups (i.e., APellets and Rx),
these differences could not be linked to the proposed biomarkers of lesion severity,
internal capsule damage, or initial impairment. The number of pellets retrieved in the
initial post-stroke reaching assessment (Pelletspi) was nearly identical among poor-,
moderate-, and high-recoverer groups; while initial impairment (Pelletsii) was
somewhat greater in poor- and moderate-recoverers compared to high-recoverers owing
to pre-stroke differences, this difference was not significant. Interestingly, rats in the
decliner group had the least initial impairment (Pelletsii)) and showed the greatest
performance in the initial post-stroke skilled reaching assessment (Pelletspi), however
they did not achieve any recovery and worsened over time. It is unclear what factors
may have contributed to this worsening, however a similar pattern has also been
observed after preclinical ischemia2” and in clinical populations.819:13 As bleeding is
largely complete within the first 12 hours of collagenase ICH,44 it is unlikely hematoma
expansion is the direct cause of the worsening observed here (Pelletspi was measured 4
days after ICH). Perhaps this small subset of rats experienced a more delayed edema
response which resulted in less initial impairment or experienced late re-bleeding
leading to worsened function. Although previous work from our lab has found no
evidence for cerebral microbleeds or hematoma expansion 3 days after ICH, we cannot
definitively rule out the possibility that late re-bleeding may occur after this time.45

Differing from the findings of Jeffers et al., in preclinical ischemia,27-43 injury
characteristics were not significantly different among recovery groups. While greater

infarct volume and >3mms3 striatal injury was associated with worse outcomes following
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ischemic stroke (i.e., identification as non-fitter or decliner),2” total volume of tissue loss
did not significantly differ among groups after ICH. Average volume of tissue loss after
striatal ICH ranged from ~30 to 44 mma3, or approximately 3.7% to 5.4% of the
ipsilesional hemisphere. As the average clinical ICH is reported to be ~27 cm3 (~4.5%
hemisphere volume),46.47 these groups represent a translationally relevant range in
stroke size, although greater severity than reported in recent clinical trials of
mobilization and rehabilitation after hemorrhagic stroke (1.1-1.6 and 2% hemisphere
volume, respectively).48:49 Unfortunately, this work cannot be easily compared to the
one clinical study that described proportional recovery in a mixed stroke population, as
lesion/hematoma volume was not reported.8 Similarly, it is unclear to what extent
proportional recovery exists after hemorrhagic stroke as this clinical subgroup also
contained patients with previous stroke;8 it is entirely possible that there may be
confounds in these findings due to pre-existing impairment from previous stroke (i.e.,
FM-UA <66).

Perplexingly, damage to the internal capsule was relatively limited, was not
associated with worsened outcomes, and in some instances was associated with greater
recovery. While the reasons for this finding are unclear, two likely possibilities arise.
Internal capsule damage in this dataset was predominately localized to the anterior limb
(i.e., between 0 to -1 from Bregma),39 largely sparing corticospinal and rubrospinal tract
fibres in the posterior limb. This lack of lesion overlap with the posterior internal
capsule may account for why we did not observe a distinct group of non-recoverers in
this dataset. Indeed, clinical studies report worsened motor function with lesions to the
posterior limb of the internal capsule,5° and biomarker related assessment of CST

integrity after stroke is routinely conducted in the posterior limb of the internal
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capsule.13:5! Alternatively, the ICdamage Score may have limited validity and not accurately
represent the extent of injury in this region; further validation of this scale or use of
techniques such as longitudinal imaging or electrophysiological assessment of CST are
needed.

Proportion of rehabilitation treated rats did not significantly vary by group nor
was there a relationship between observed recovery (APellets) and daily rehabilitation
intensity (Rehabint) or total rehabilitation dose (Rehabdose). However, regression
analysis found dose (i.e., total number of pellets successfully retrieved during the
rehabilitation period) was a significant predictor of observed recovery (APellets).
Similarly, Jeffers et al. found that whether an animal received rehabilitation did not
distinguish if it achieved proportional. recovery;2” however rehabilitation intensity was
non-linearly related to recovery,43 once again supporting the idea that a threshold of
intensity must be met to induce recovery.52 These preclinical findings are at odds with
clinical studies of proportional recovery which have all reported that rehabilitation dose
is not predictive of recovery.8:9:13 A few possibilities arise that may account for the
discrepancy between these findings. In clinical settings, rehabilitation is part of
standard/usual care for all patients; comparatively, in preclinical studies rehabilitation
is typically only delivered to the treatment group, with the control remaining in
conventional laboratory housing. A recent meta-analysis reported that conventional
laboratory housing significantly compromised rodent health, likely increases the
severity of several diseases, and is associated with worsened functional outcomes after
stroke when compared to animals housed in enrichment.53 It therefore becomes
plausible that the effect of rehabilitation in preclinical studies is magnified, due to the

negative effect of conventional housing on control animals. Perhaps the largest benefit
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of rehabilitation in preclinical research comes from preventing worsening of health
status, which leads to an exaggerated interpretation of treatment efficacy. Another
possibility for this discrepancy arises from the reporting of the rehabilitation data itself;
whereas most clinical trials report dose as time spent in treatment, both preclinical
analyses used a more precise estimate of dose (total number of pellets retrieved) and
intensity (daily number of pellets retrieved). As time in treatment does not provide an
indication of participation (i.e., intensity or number of repetitions), it is possible that an
undetectable dose- or intensity-response relationship exists in the clinical populations.
While average recovery of impairment (Ry%) for the clusters identified within each
model were statistically different from one another and reflected clinically relevant
ranges of recovery, injury and rehabilitation characteristics did not significantly differ
among groups. In their prospective experiment on predictors of recovery, Jeffers et al.
suggest that an improvement of at least 2.2 pellets in the skilled reaching task should be
a significant improvement in function as this threshold represents the upper limit (95%
CI) of recovery in rats that do not receive rehabilitation.43 Interestingly, while the non-
fitters in their retrospective analysis of preclinical ischemia displayed very minimal
recovery (1+1.8 pellets; ~5% improvement),2” the poor-recoverers in our ICH analysis
improved by roughly double (2.2+1.6 pellets; ~10% improvement); by this metric, even
though the poor-recoverers display less recovery, it is likely meaningful, although less
than the 3-pellet cut-off we have previously used.37.54 Here, most rats showed some
degree of recovery when the relationship between initial impairment (Pelletsii) and
observed recovery (APellets) was plotted; only the decliner group (i.e., APellets<0)
presented as an obvious cluster. There was no clear delineation between clusters

identified as poor-, moderate-, or high-recoverers. Had there been a distinctive group of
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non-recoverers, we would expect to observe datapoints clustered along the x-axis (i.e.,
APellets~0); similarly, had a distinct high-recoverer group been present we would
expect a well-defined grouping above the regression line. Altogether, and based on the
data presented in Figure 4-5 and the frequency distribution of Ry (Figure B-2 Appendix
B), it is unlikely that the clusters identified through hierarchical clustering represent
distinct recovery groups in our ICH dataset.

Several factors are likely to contribute to these findings. The most parsimonious
explanation for why nearly all rats experience some degree of proportional recovery is
the resolution of the hematoma, edema, and mass effect. 30:31.35 Indeed, resolution of
these factors has been proposed for why ICH is associated with greater functional and
cognitive impairments at time of admission to inpatient rehabilitation, but greater gains
over the course of treatment.31-33 As to why proportional recovery occurred to a lesser
extent than other reports is less clear. It is unlikely that stroke type alone is responsible
for this lessened recovery. While the lesions observed in this study were all induced in
the same location (striatum), there was still considerable variability in lesion shape and
size, as is common in this model. Subcortical striatal and combined cortical-subcortical
injury have been associated with worse functional outcomes than cortical injury alone in
both clinicals5 and preclinical populations.5¢ While the average volume of tissue loss
after striatal ICH here ranged from ~30 to 44 mma3, this range was ~2-4x greater than
the volume of striatal injury observed in the recovery groups reported by Jeffers et
al.,2743 which may account for some of the differences observed between our analyses.
As this region plays an essential role in facilitating voluntary movement, it is possible
that subcortical lesions over a certain size threshold disrupt corticostriatal connections

thereby altering the capacity for network reorganization and resulting in less
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recovery.5557 While it is unclear what this threshold may be in rodents, there is a clear
interaction between the effect of hemorrhage location and size on clinical outcomes after
ICH.58

This exploratory analysis is based on a moderate-sized, somewhat homogenous
dataset, which may limit the generalizability of these findings. As well, the Montoya
staircase task does not fully capture the same nuance in recovery as the clinical FM-UE,;
while we assess recovery of impairment as a change in the ability to successfully retrieve
pellets, this more accurately describes recovery at the level of activity rather than
impairment.59 As such, it is difficult to distinguish what is resolution of impairment or
simply compensation, and rats with striatal ICH injury do show compensatory
movements in skilled reaching.6© Comparatively, clinical measures such as the FM-UE
assess recovery of impairment through the resolution of motor synergies, reflexes,
coordination, and sensation;®! partial resolution of function can be captured across
these domains, whereas the staircase task is more of an all-or-nothing approach. Future
studies of proportional recovery in preclinical models should consider using a battery of
assessments and include kinematic analysis to better gauge recovery of impairment.62.63
Unlike clinical reports of proportional recovery which assume pre-stroke function to be
the maximum achievable FM-UE score (66), preclinical studies have the benefit of
directly assessing pre-stroke function. However, performance in the staircase test can
have significant interindividual variability, and not all rats will achieve a maximal score
(21) after several weeks of training. This creates a unique yet interesting problem as it
allows for recovery to exceed 100%, as observed in one rat in this analysis. Lastly, it is
possible that due to the small and variable sample sizes of the groups identified (n=5-

31), the statistical analyses presented here are more sensitive to extreme values (i.e., rats
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with PR>100%) and variability than models with a greater number of observations.
Similarly, though exploring predictors of recovery in the groups identified by
hierarchical clustering could be valuable, doing so would be statistically dubious owing
to the group sizes, variability, and number of predictor variables.®4 Expansion of this
analysis to a larger dataset (i.e., retrospective analysis of other ICH studies) or a
prospective comparison of recovery after equivalent subcortical hemorrhagic and
ischemic stroke (i.e., ICH and ET-1) would both be very interesting avenues for future

investigation.

4.5 Conclusion

These results provide further support that proportional recovery is a biologically
conserved phenomenon after stroke, albeit to a much lesser extent than what has been
observed clinically. Although observed recovery and initial impairment were
proportional, initial impairment alone only weakly explained observed recovery of
skilled reaching (R2=0.21) while initial impairment and rehabilitation dose somewhat
improved this prediction, together they still only accounted for a small amount of the
variability in observed recovery (R2=0.26). Nearly all rats showed at least some recovery
of impairment after ICH, however no characteristic reliably identified whether an
animal would achieve poor-, moderate-, or high recovery. As such, these results
highlight the need to do more research identifying biomarkers capable of predicting

outcome after ICH, as initial impairment alone is insufficient.

213



4.6 References

1.

10.

11.

12.

Wingfield, M. et al. Upper-Limb Motor Intervention Elements That Drive
Improvement in Biomarkers and Clinical Measures Post-Stroke: A Systematic
Review in a Systems Paradigm. Neurorehabil. Neural Repair 36, 726—739
(2022).

Donkor, E. S. Stroke in the 21st Century: A Snapshot of the Burden, Epidemiology,
and Quality of Life. Stroke Res. Treat. 2018, 1—10 (2018).

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Boyd, L. A. et al. Biomarkers of stroke recovery: Consensus-based core
recommendations from the Stroke Recovery and Rehabilitation Roundtable. Int.
J. Stroke 12, 480-493 (2017).

Cassidy, J. M. & Cramer, S. C. Spontaneous and Therapeutic-Induced
Mechanisms of Functional Recovery After Stroke. Transl. Stroke Res. 8, 33—46
(2017).

Prabhakaran, S. et al. Inter-individual Variability in the Capacity for Motor
Recovery After Ischemic Stroke. Neurorehabil. Neural Repair 22, 64—71 (2008).
Winters, C., van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Proportional Recovery Model for the Upper Extremity After an Ischemic
Stroke. Neurorehabil. Neural Repair 29, 614—622 (2015).

Stinear, C. M. et al. Proportional Motor Recovery After Stroke. Stroke 48, 795—
7983 (2017).

Smith, M. C., Byblow, W. D., Barber, P. A. & Stinear, C. M. Proportional Recovery
from Lower Limb Motor Impairment after Stroke. Stroke 48, 1400-1403 (2017).
Veerbeek, J. M., Winters, C., van Wegen, E. E. H. & Kwakkel, G. Is the
proportional recovery rule applicable to the lower limb after a first-ever ischemic
stroke? PLoS One 13, 1—13 (2018).

Lazar, R. M. et al. Improvement in aphasia scores after stroke is well predicted by
initial severity. Stroke 41, 1485-1488 (2010).

Winters, C., Van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability

of the Maximum Proportional Recovery Rule to Visuospatial Neglect Early

214



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Poststroke. Neurorehabil. Neural Repair 31, 334—342 (2017).

Byblow, W. D., Stinear, C. M., Barber, P. A., Petoe, M. A. & Ackerley, S. J.
Proportional recovery after stroke depends on corticomotor integrity. Ann.
Neurol. 78, 848—-859 (2015).

Ackerley, S., Smith, M. C., Jordan, H. & Stinear, C. M. Biomarkers of Motor
Outcomes After Stroke. Phys. Med. Rehabil. Clin. N. Am. 1—18 (2023).
doi:10.1016/j.pmr.2023.06.003

Cramer, S. C. et al. Stroke Recovery and Rehabilitation Research: Issues,
Opportunities, and the National Institutes of Health StrokeNet. Stroke 48, 813—
819 (2017).

Feng, W. et al. Corticospinal tract lesion load: An imaging biomarker for stroke
motor outcomes. Ann. Neurol. 78, (2015).

Rapisarda, G., Bastings, E., de Noordhout, A. M., Pennisi, G. & Delwaide, P. J. Can
Motor Recovery in Stroke Patients Be Predicted by Early Transcranial Magnetic
Stimulation? Stroke 27, 2191—2196 (1996).

Quinlan, E. B. et al. Neural function, injury, and stroke subtype predict treatment
gains after stroke. Ann. Neurol. 77, 132—145 (2015).

Seyhan, A. A. Lost in translation: the valley of death across preclinical and clinical
divide — identification of problems and overcoming obstacles. Transl. Med.
Commun. 4, 1—19 (2019).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—
126 (2015).

Goodman, S. N., Fanelli, D. & Ioannidis, J. P. A. What does research
reproducibility mean? Sci. Transl. Med. 8, 96—102 (2016).

Saver, J. L., Albers, G. W., Dunn, B., Johnston, K. C. & Fisher, M. Stroke Therapy
Academic Industry Roundtable (STAIR) Recommendations for Extended Window
Acute Stroke Therapy Trials. Stroke 40, 2594—2600 (2009).

Lapchak, P. A., Zhang, J. H. & Noble-Haeusslein, L. J. RIGOR Guidelines:
Escalating STAIR and STEPS for Effective Translational Research. Transl. Stroke
Res. 4, 279—285 (2013).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal
research: Reporting in vivo experiments: The ARRIVE guidelines. Br. J.

215



25.

26.

27.

28.

29.

30.

31.

32,

33-

34.

35-

36.

Pharmacol. 160, 1577-1579 (2010).

Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration
for the ARRIVE guidelines 2.0. PLOS Biol. 18, €3000411 (2020).

Dirnagl, U., Bannach-Brown, A. & McCann, S. External validity in translational
biomedicine: understanding the conditions enabling the cause to have an effect.
EMBO Mol. Med. 14, 2—5 (2022).

Jeffers, M. S., Karthikeyan, S. & Corbett, D. Does Stroke Rehabilitation Really
Matter? Part A: Proportional Stroke Recovery in the Rat. Neurorehabil. Neural
Repair 32, 3—6 (2018).

Perna, R. & Temple, J. Rehabilitation Outcomes: Ischemic versus Hemorrhagic
Strokes. Behav. Neurol. 2015, (2015).

Oosterveer, D. M., Wermer, M. J. H., Volker, G. & Vlieland, T. P. M. V. Are There
Differences in Long-Term Functioning and Recovery Between Hemorrhagic and
Ischemic Stroke Patients Receiving Rehabilitation? J. Stroke Cerebrovasc. Dis.
31, (2022).

Paolucci, S. et al. Functional Outcome of Ischemic and Hemorrhagic Stroke
Patients after Inpatient Rehabilitation: A Matched Comparison. Stroke 34, 2861—
2865 (2003).

Kelly, P. J. et al. Functional recovery following rehabilitation after hemorrhagic
and ischemic stroke. Arch. Phys. Med. Rehabil. 84, 968—972 (2003).

Salvadori, E. et al. Comparison between Ischemic and Hemorrhagic Strokes in
Functional Outcome at Discharge from an Intensive Rehabilitation Hospital.
Diagnostics 11, 38 (2020).

Katrak, P. H., Black, D. & Peeva, V. Do Stroke Patients With Intracerebral
Hemorrhage Have a Better Functional Outcome Than Patients With Cerebral
Infarction? PM R 1, 427—433 (2009).

Mestriner, R. G. et al. Behavior outcome after ischemic and hemorrhagic stroke,
with similar brain damage, in rats. Behav. Brain Res. 244, 82—89 (2013).
Schepers, V. P. M. et al. Functional recovery differs between ischaemic and
haemorrhagic stroke patients. J. Rehabil. Med. 40, 487-489 (2008).

Kitago, T. & Ratan, R. R. Rehabilitation following hemorrhagic stroke: building

the case for stroke-subtype specific recovery therapies. F1000Research 6, 2044

216



37

38.

39-

40.

41.

42.

43.

44.

45.

46.

47.

48.

(2017).

Fedor, B. A. et al. Early, Intense Rehabilitation Fails to Improve Outcome After
Intra-Striatal Hemorrhage in Rats. Neurorehabil. Neural Repair 36, 788—799
(2022).

Kliiver, H. & Barrera, E. A Method for the Combined Staining of Cells and Fibers
in the Nervous System. J. Neuropathol. Exp. Neurol. 12, 400—403 (1953).

Papp, E. A,, Leergaard, T. B., Calabrese, E., Johnson, G. A. & Bjaalie, J. G.
Waxholm Space atlas of the Sprague Dawley rat brain. Neuroimage 97, 374—386
(2014).

Wickham, H. et al. Welcome to the Tidyverse. J. Open Source Softw. 4, 1686
(2019).

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M. & Hornik, K. cluster: Cluster
Analysis Basics and Extensions. (2022).

Charrad, M., Ghazzali, N., Boiteau, V. & Niknafs, A. NbClust : An R Package for
Determining the Relevant Number of Clusters in a Data Set. J. Stat. Softw. 61,
(2014).

Jeffers, M. S. et al. Does Stroke Rehabilitation Really Matter? Part B: An
Algorithm for Prescribing an Effective Intensity of Rehabilitation. Neurorehabil.
Neural Repair 1—11 (2018).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
Nadeau, C. A. et al. Prolonged Blood-Brain Barrier Injury Occurs After
Experimental Intracerebral Hemorrhage and Is Not Acutely Associated with
Additional Bleeding. Transl. Stroke Res. 1—11 (2018). doi:10.1007/s12975-018-
0636-9

Hemphill, J. C., Bonovich, D. C., Besmertis, L., Manley, G. T. & Johnston, S. C.
The ICH score: A simple, reliable grading scale for intracerebral hemorrhage.
Stroke 32, 891—896 (2001).

Zia, E., Engstrom, G., Svensson, P. J., Norrving, B. & Pessah-Rasmussen, H.
Three-year survival and stroke recurrence rates in patients with primary
intracerebral hemorrhage. Stroke 40, 3567-3573 (2009).

Yen, H.-C. et al. Early Mobilization of Mild-Moderate Intracerebral Hemorrhage

217



49.

50.

51.

52.

53-

54.

55-

56.

57

58.

59.

60.

Patients in a Stroke Center: A Randomized Controlled Trial. Neurorehabil. Neural
Repair 34, 72—81 (2020).

Edwardson, M. A. et al. Stroke Lesions in a Large Upper Limb Rehabilitation Trial
Cohort Rarely Match Lesions in Common Preclinical Models. Neurorehabil.
Neural Repair 31, 509—520 (2017).

Shelton, F. D. N. A. P. & Reding, M. J. Effect of lesion location on upper limb
motor recovery after stroke. Stroke 32, 107-112 (2001).

Krakauer, J. W. & Marshall, R. S. The proportional recovery rule for stroke
revisited. Ann. Neurol. 78, 845-847 (2015).

MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Cait, J., Cait, A., Scott, R. W., Winder, C. B. & Mason, G. J. Conventional
laboratory housing increases morbidity and mortality in research rodents: results
of a meta-analysis. BMC Biol. 20, 15 (2022).

Fedor, B. A. et al. Motor Rehabilitation Provides Modest Functional Benefits After
Intracerebral Hemorrhage: a Systematic Review and Meta-Analysis of
Translational Rehabilitation Studies. Transl. Stroke Res. (2023).
d0i:10.1007/s12975-023-01205-W

Miyai, I., Blau, A. D., Reding, M. J. & Volpe, B. T. Patients with stroke confined to
basal ganglia have diminished response to rehabilitation efforts. Neurology 48,
95-101 (1997).

Karthikeyan, S., Jeffers, M. S., Carter, A. & Corbett, D. Characterizing
Spontaneous Motor Recovery Following Cortical and Subcortical Stroke in the
Rat. Neurorehabil. Neural Repair 33, 27—37 (2019).

Liu, H. et al. Patterns of motor recovery and structural neuroplasticity after basal
ganglia infarcts. Neurology 95, E1174—E1187 (2020).

Teo, K. et al. Location-Specific Hematoma Volume Cutoff and Clinical Outcomes
in Intracerebral Hemorrhage. Stroke 54, 1548-1557 (2023).

World Health Organization. International Classification of Functioning,
Disability and Health (ICF). (World Health Organization, 2001).

MacLellan, C. L., Gyawali, S. & Colbourne, F. Skilled reaching impairments follow

218



61.

62.

63.

64.

intrastriatal hemorrhagic stroke in rats. Behav. Brain Res. 175, 82—89 (2006).
Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, S. S. The post-stroke hemiplegic
patient. 1. a method for evaluation of physical performance. Scand. J. Rehabil.
Med. 7,13-31(1975).

Balbinot, G. et al. Post-stroke kinematic analysis in rats reveals similar reaching
abnormalities as humans. Sci. Rep. 8, 8738 (2018).

Balbinot, G. et al. Enriched rehabilitation reduces abnormal motor synergies and
enhances motor plasticity following severe stroke in rats. Stroke 54, 2156—2166
(2023).

Jenkins, D. G. & Quintana-Ascencio, P. F. A solution to minimum sample size for

regressions. PLoS One 15, 1-15 (2020).

219



Chapter 5 | General Discussion

220



5.1. Summary of Findings

The overarching goal of this thesis was to characterize and assess the efficacy of
rehabilitation in translational models of intracerebral hemorrhage (ICH). As clinical
trials have yet to identify a treatment that consistently lessens injury and impairment
after ICH,2 even with advances in acute care (e.g., surgery), treatment for hemorrhagic
stroke remains limited to medical management and rehabilitation.3 Yet despite the
limited treatment options available following ICH, and the disproportionate burden of
disease related to hemorrhagic stroke (8.1-12.6 disability adjusted life years for ICH,
4.6-5.9 for ischemia),45 most preclinical studies use experimental models of ischemia
when exploring how and why rehabilitation contributes to recovery after stroke.
Consequently, much of our understanding of recovery after ICH is predicated on the
assumption that the spatiotemporal dynamics of the mechanisms of injury and recovery
after ischemic and hemorrhagic stroke are similar. However, there is increasing
evidence to suggest that this assumption is unfounded.®7 Here, I provide a summary of
our findings related to rehabilitation and motor recovery in translational models of ICH,
discuss the limitations of these findings, and recommend several avenues of

investigation that should be pursued in the future.

5.1.1 Early, Intense Rehabilitation after ICH

To explore how altering treatment parameters impacts mechanistic responses
and functional outcomes, we conducted two experiments assessing the efficacy of
enriched rehabilitation (ER) initiated 5 days after ICH (Chapter 2).8 Our lab has
repeatedly shown behavioural benefit with ER beginning at 7 days after ICH,9-12
although evidence supporting the neuroprotective effect of rehabilitation has been
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inconsistent, perhaps related to key model differences.912 In 2017 Williamson et al.
found that ER initiated 7 days after ICH accelerated hematoma clearance and limited
both ionic dyshomeostasis and oxidative stress, proposing that these mechanisms may
contribute to neuroprotection and functional recovery.:3 However, this study did not
assess behavioural function or overall neuroprotection. As others have observed
treatment efficacy with ER initiated 5 days after ischemic stroke,4 we hypothesized that
ER initiated 5 days after moderate striatal ICH would accelerate hematoma clearance
and improve functional recovery, which would be associated with a reduction in chronic
cell death similar to or greater than observed when therapy is initiated 7 days post-ICH.
We used high-intensity ER protocols initiated 5 days after ICH and assessed hematoma
clearance in the sub-acute phase of recovery (14 days) and neuroprotection in the
chronic phase (60 days), both acceptable survival times for these endpoints. Contrary to
both our hypothesis and previous findings,%13 we did not detect a significant difference
in hematoma clearance, lesion volume, or recovery in skilled reaching compared to
untreated controls.

These are unlikely to be spurious findings (i.e., false negatives). We used
treatment protocols with similar or greater intensity as reported beneficial in ischemic
stroke, 516 similar treatment complexity as others in ICH,9-12.14.17 g priori planning to
reduce bias,!8 group sizes up to 3 times larger than commonly used in preclinical ICH
research,8 and high statistical power in our experiments9 (e.g., 99% power to detect 3-
pellet treatment effect in pooled analysis). We assessed whether intervention intensity
differed when delivered in the light or dark phase of the housing cycle and if it impacted
efficacy’s (it did not); all groups performed >400 pellet retrievals/day, however

intervention in the dark trended towards greater improvement. We also assessed
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whether longer treatment duration (i.e., 10 or 20 days) altered efficacy and whether
later functional assessment (i.e., 31 days) would detect benefit. Again, it did not. While
Williamson et al. reported accelerated hematoma clearance with ER beginning 7 days
after ICH, neither treatment intensity nor functional measures were reported, so it is
unclear if this finding is associated with improved behaviour.:3 Perhaps acceleration of
hematoma clearance must occur in order to see significant therapeutic benefit. If so,
maybe our therapy, either due to timing or intensity, failed to accelerate hematoma
clearance and this accounts for the lack of functional or neuroprotective benefit
observed in our work.

In our original analysis we could not rule out the possibility that our ICH model
had caused significant damage to the internal capsule, thereby limiting potential for
recovery (as seen in humans).2° In our exploratory analysis of predictors of recovery we
stained and analyzed a secondary set of tissue with the myelin stain Luxol Fast Blue,2!
and we were able to address this concern. Owing to the age and quality of the tissue
when it was stained, we were only able to grossly characterize injury in this region which
is unlikely to have adequately captured sub-lethal structural and functional damage.
However, direct damage to the internal capsule was generally quite limited,
predominately localized to the anterior limb when present, and well below the threshold
of corticospinal tract (CST) injury associated with non-responder status in patients (i.e.,
>63% CST injury);2°c furthermore, increased internal capsule damage did not correlate
with worsened recovery.

While small inter-study differences in treatment protocols and injury may be
responsible for why we failed to see benefit with our ER interventions, perhaps the most

parsimonious explanation involves the timing of intervention onset. Results of our
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meta-analysis align with this explanation — no treatment delivered with an onset
between 48 hours to 5 days after ICH provided significant functional benefit.22
Together, these findings suggest that <7 days after ICH (e.g., near the peaks of
intracranial pressure, edema, and secondary cell death)23-25 may represent a delicate
window in post-ICH recovery where intervention may interact with endogenous

mechanisms of injury and repair to accelerate, delay, or impede recovery.

5.1.2 Exploring Rehabilitation Efficacy in Translational Models of ICH

The challenges we faced in extending the findings of Williamson et al.13 led us to
question the overall efficacy of motor rehabilitation in translational models of ICH. Our
systematic review and meta-analysis (Chapter 3)22 aimed to characterize common motor
interventions used after preclinical ICH, assess the quality of this research, and provide
insight into the efficacy of post-ICH rehabilitation. Overall, study populations were
largely homogenous (i.e., young, male rodents with collagenase induced subcortical
ICH), however the type of rehabilitation intervention and associated parameters (i.e.,
timing, period, duration, frequency, intensity, and dose) ranged considerably. Aerobic
exercise (AE), enriched rehabilitation (ER), and constraint-induced movement therapy
(CIMT)/forced limb use (FLU) accounted for ~70% of the rehabilitation interventions
identified in our review. Unsurprisingly, and in agreement with other reviews of
translational stroke research,8:26 quality of reporting and risk of bias varied
considerably, and many articles had one or more methodological or reporting error
considered to be significant (e.g., inappropriate statistical methods, unclear timing of
treatment onset or duration, unclear group sizes, etc.). Similarly, many failed to

consider critical translational concerns and used interventions that are extremely

224



unlikely to be used clinically (e.g., running >1km within 24 hours of ICH)27:28 or
included so little detail about the intervention as to make it impossible to determine
intensity or dose.

Overall, rehabilitation modestly improved motor recovery in skilled reaching,
spontaneous impaired forelimb use, and locomotor function, but only CIMT+FLU and
skilled reaching (REACH) interventions improved recovery across all three endpoints.
Aligning with clinical findings, rehabilitation efficacy was greatest in animals with mild
ICH (i.e., lesions <30 mma3, ~3.7% hemisphere volume), and very limited in those with
the most severe strokes. Perhaps most intriguingly, we observed a complex relationship
between intervention timing and treatment efficacy, as only treatments initiated 24-48
hours or 7-8 days after ICH conferred significant benefit. Upon closer examination, only
FLU initiated 24 hours after small capsular ICH was beneficial, whereas all other
interventions delivered between 48 hours-5 days post-ICH were not. This is in direct
contrast to findings from a meta-analysis of preclinical rehabilitation in ischemia by
Schmidt and colleagues, which found intervention timing of 1-5 days after stroke to be
most efficacious.29 Furthermore, they found an overall neuroprotective effect of
rehabilitation on infarct volume (14% reduction, 95% CI 2-25%); while not formally
quantified in our analysis, only 2/37 interventions that assessed lesion or hematoma
volume after ICH reported a significant neuroprotective effect of rehabilitation.!:30 In
combination with the wide range in study quality we observed, these results highlight
the necessity of future studies that systematically manipulate treatment parameters,
most notably timing and dosage, and the need to conduct direct comparisons of efficacy

between stroke subtypes.
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5.1.3 Predicting Recovery

Finally, we conducted a retrospective, exploratory post-hoc analysis to assess
whether the clinically documented phenomenon of proportional recovery3:-38 occurs in
preclinical models of subcortical ICH (Chapter 4). Noting that not every patient will
benefit from every therapy, identifying biomarkers to predict recovery and capacity for
rehabilitation facilitated recovery is essential to understanding who may benefit from a
given therapy and why.3940 Translational studies play a critical role in our
understanding of the mechanisms of injury and disease, yet many promising preclinical
results are not reproducible and/or fail to translate into viable clinical treatments.4!
Therefore, ensuring that preclinical studies adequately model the pathogenesis and
variability of clinical conditions is essential to improving the odds of successful
translation, particularly when using mechanistic approaches to exploring treatment
efficacy.

The results of our exploratory analysis provide the first characterization of
proportional recovery in an exclusively hemorrhagic stroke population and lend support
to the idea that proportional recovery after stroke is a biologically conserved
phenomenon across species, a claim first made by Jeffers and colleagues in a
retrospective analysis of proportional recovery after endothelin-1 (ET-1) induced
ischemic stroke.42 However, our analysis showed that on average, ~30% of impairment
is recovered in a proportional manner after striatal ICH in rats, a much lesser extent
than others have reported (63-97% clinically,31-38 ~66% preclinical ischemia42). Plotting
the relationship between initial impairment and observed recovery did not provide clear
evidence for multiple distinct recovery groups; even rats identified as non-recoverers

showed some degree of proportional recovery. Furthermore, initial impairment alone
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poorly explained observed recovery of skilled reaching (R2=0.21). Though hierarchical
clustering identified statistically different recovery subgroups, differences in recovery
could not be attributed to differences in the proposed biomarkers of lesion severity,
internal capsule damage, or initial impairment. These findings were surprising as the
retrospective analysis conducted by Jeffers et al. found that rats that fit the proportional
recovery rule had less initial impairment, smaller lesion size, and less striatal injury,42
and CST integrity is considered to be a reliable biomarker for recovery after stroke.33.38

It is likely that resolution of the hematoma, edema, and mass effect43-45 play a
role in why nearly all rats experience some degree of recovery; however why recovery
occurs to a lesser extent than reported elsewhere is unclear. Though the strokes assessed
in this dataset were by no means severe, they represent damage equivalent to ~3.7-5.4%
of the hemisphere, and this damage was predominately localized to the striatum. As
subcortical injury is associated with worse functional outcomes,46-48 it is likely that
lesion size, location (striatum), and stroke subtype all contribute to the pattern of
recovery observed in this analysis. To definitively determine the extent to which stroke
subtype contributes to these findings, a direct comparison of recovery between

subcortical striatal ischemic and hemorrhagic stroke is required.

5.2 Limitations

Despite our efforts to use translationally relevant experimental designs and a
priori planning whenever possible, there are several interrelated factors that may limit
the generalizability of the findings of our experimental work, as we only explored the
efficacy of early, intense ER in the context of moderate severity striatal ICH. As

outcomes are influenced by both stroke size and location,48:49 it is possible that ER
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beginning 5 days after ICH may be beneficial in smaller strokes or strokes in other
regions of the brain. Furthermore, while Williamson et al. reported accelerated
hematoma clearance with ER beginning 7 days after ICH, neither treatment intensity
nor functional measures were reported.:3 It may be the case that in order to see
significant therapeutic benefit hematoma clearance must be accelerated — if so, perhaps
our intervention failed to accelerate hematoma clearance, maybe due to intensity or
timing, and this accounts for the lack of functional or neuroprotective benefit observed
in our work.

As intensity and dose are often poorly described or defined in both clinical and
preclinical literature, there is limited data available regarding optimal rehabilitation
intensity or dose. Preclinical studies in ischemia support the idea that a threshold of
rehabilitation intensity must be met to induce recovery,'5¢ though it is unclear whether
there is a limit that produces diminishing returns or even harm. However, there is some
clinical evidence that supports both of these ideas — a recent analysis reported
diminishing returns after patients achieved 95 min therapy/day,5° and a clinical trial
found that delivery of high-intensity CIMT early after stroke resulted in less
improvement in functional outcomes than lower-intensity CIMT or standard care, which
suggests an inverse dose-response relationship.5! While there is no other ER intensity
data available in preclinical ICH, studies in ischemia have reported therapeutic benefit
with ~200-250 successful pellet retrievals/day following large middle cerebral artery
occlusion (MCAo0)'5 and combined cortical-subcortical stroke;52 in our work, rats
completed >400 pellet retrievals/day, which may simply be too intense, or too intense

too early after ICH.
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Though it is generally accepted that earlier intervention provides greater benefit
(i.e., subacute phase vs. chronic phase), clinical interventions delivered in the hyper-
acute (0-24 hours) and acute (1-7 days) phases of recoverys3 have produced mixed
results.54-57 The AVERT clinical trial found that frequent, high dose, early out of bed
mobilization was associated with decreased odds of favourable outcome at 3 months
after stroke.55 Further analysis found that when time out of bed was kept constant,
increased intensity (i.e., greater time out of bed), but not increased frequency of
mobilization was associated with less favourable outcomes.5¢ While underpowered to
detect a significant treatment effect, subgroup analysis also suggested reduced odds of
favourable outcome with very early mobilization in both ICH and severe stroke.55
Similarly, experimental studies in non-ICH models of brain injury have also
demonstrated that early and intense rehabilitation can worsen functional outcomes and
exacerbate brain injury in a use-dependent manner.5859 Though there is some
investigation of early, intense intervention <7 days after ICH in preclinical models that
suggests both benefit and harm,27.28 our understanding of these treatment effects is
poor due to limited resolution of time dependent effects (i.e., interventions/endpoints
only assessed at 1-2 times with no long term measures) and numerous methodological
and reporting errors in this work.

While our meta-analysis provides some insight into how treatment parameters
impact efficacy, it is limited by the small number of studies eligible for many of the
subgroup analyses. Similarly, differing methods of analysis between our work and the
meta-analysis of treatment efficacy in preclinical models of ischemia conducted by
Schmidt et al.29 do not allow us to directly compare how treatment efficacy differs by

treatment type or modifiable parameter (i.e., timing, dose) between ischemia and ICH.
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Although meta-analysis can provide excellent insight into therapeutic efficacy, it does
not replace the necessity of completing high quality, original research as both
heterogeneity and quality of included studies influence the quality of the meta-analysis
and its results.®¢ Experimental design choices such as the use of conventional housing
for control animals®! or use of assessments that cannot definitively distinguish between
compensation and true recovery may lead to overestimated effect sizes in original
research and subsequent meta-analysis. Many of the articles we analyzed contained one

or more methodological errors (see Chapter 3, Table 3-5); while one error may not have

a major effect on a single treatment estimate, the cumulative effect of errors across
interventions could have a substantial impact in our overall estimate of treatment
efficacy. Finally, our trim and fill analysis of the skilled reaching data revealed missing
negative and null data, suggesting likely reporting and/or publication bias. This is
unsurprising, as dark data, work that is unpublished or otherwise inaccessible,2 is a
common concern across many disciplines of translational neuroscience and believed to
make up nearly 50% of research output.63

While using highly controlled, simplified models of disease may increase the
internal validity of our research, this may have the unintended consequence of
sacrificing external validity.64 Although women account for ~50% of all stroke cases,
very few translational stroke studies use female subjects.!8:26 In the experimental studies
described in Chapter 2 we only used young, healthy male rats with no relevant
comorbidities (e.g., hypertension, diabetes).8 Similarly, only 1/48 intervention groups
evaluated in our meta-analysis (Chapter 3) reported the use of female subjects.®5 Many
researchers justify the use of exclusively male populations when studying potential

neuroprotectants as 17-f estradiol has been shown to be neuroprotective and alter
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inflammatory responses after brain injury.®® While this may present as a confound if not
appropriately controlled for, this does not negate the necessity of researching
treatments in female cohorts. Furthermore, many argue that the rapid cycling of the
estrous cycle in rats and related effects of female sex hormones introduces excess
variability into research that is avoidable by using male subjects.26 However, this is
simply not true — females are not inherently more variable than males.67:68 Critically,
accounting for different stages of the estrous cycle (i.e., high-estradiol during proestrus,
low-estradiol during diestrus) provides greater insight into both mechanistic and
behavioural sex differences, which may actually improve translational success.® For
example, increases in estradiol are associated with increased expression of brain derived
neurotrophic factor (BDNF),70 which plays a critical role in post-stroke neuroplasticity.
Exercise is well documented to upregulate BDNF,7* and there is evidence to suggest that
a critical threshold of BDNF expression must be met to induce functional recovery after
stroke.’5 Relatedly, there is some evidence to suggest that exercise induced BDNF
expression differs by sex, with females showing greater upregulation of BDNF than
males when compared to their respective controls.72

Another limitation to this thesis is the lack of aged animals used in both our
experimental work and the interventions analyzed in our meta-analysis. The risk of
stroke varies by both sex and age across the lifespan,”3 with advanced age associated
with both increased risk74 and worsened outcomes.”5s Aging induces many structural and
physiological changes to the brain, cerebrovascular system, and immune system.75-77 Of
particular relevance to rehabilitation and recovery after ICH are the age related changes
observed in microglia, such as alterations in resting state phenotype and increased

proinflammatory function.”® As microglia play a critical role in the clearance of debris
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after brain injury (i.e., hematoma clearance),”9 these age related changes likely
contribute to worsened recovery. Indeed, some have documented less early neuronal
death and microglial activation 1 day after ICH in aged rats (i.e., >18 months),8° but by
day 3 aged rats display greater edema7s:8! and a substantially greater number of
activated microglia in the ipsilesional hemisphere than their younger
counterparts.7581.82 Some have also reported delayed hematoma resolution in aged
animals, with impaired microglial function hypothesized to contribute to this effect.80.82
Interestingly, aerobic exercise has been shown to reduce microglia proliferation and
expression of proinflammatory phenotypes in naive aged mice,83 however there is
limited research on how exercise (i.e., rehabilitation) alters microglial function after
ICH.27:28

A final consideration in interpreting the work presented in this thesis surrounds
the choice of experimental stroke models used in our work and the broader ICH
rehabilitation literature. As animal models are used to explore underlying mechanisms
of injury and recovery after stroke, the generalizability of our findings is reliant on the
ability of our chosen models to mimic the pathophysiology of ICH. However, modelling
a spontaneous phenomenon such as ICH is particularly challenging, and no model
perfectly mimics the clinical pathophysiology of ICH.24.84.85 Despite multiple
experimental models of ICH, the collagenase (COL) model is used in >50% of all ICH
studies!8 and was used in 97% of the ICH rehabilitation articles included in our meta-
analysis.22 While the COL model results in a period of bleeding not entirely dissimilar to
that seen in humans, injection of an exogenous substance such as collagenase may
exacerbate inflammation8¢ and blood brain barrier dysfunction,24 complicating our

understanding of the spatiotemporal dynamics of the neuroinflammatory response after
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stroke and how it may be impacted by various interventions. Although the autologous
whole blood (AWB) model largely avoids these concerns, it is characterized by one large
bleed and is not caused by spontaneous vascular rupture, making it inappropriate for
exploring hematoma expansion or therapies that may impact ongoing bleeding.24 It is
still somewhat unclear which model more accurately mimics the course of cell death and
hematoma resolution after ICH, in part due to the differing time course of injury
between humans and preclinical populations (i.e., rodents). The COL model is
associated with a period of ongoing cell death as tissue loss is observed to increase for
up to 4 weeks after ICH, whereas tissue loss is largely stabilized within one week of AWB
ICH.24 Our knowledge of the timing and pattern of cell death and hematoma resolution
after human ICH and how it compares to preclinical models is somewhat incomplete;
though many clinical trials use serial neuroimaging, few collect images with a similar
frequency to preclinical studies to establish a complete understanding of the temporal
evolution of injury after human ICH. Similar to cell death, patterns of recovery differ
between COL and AWB ICH; recovery is typically more rapid and complete after AWB
ICH, whereas recovery after COL is characterized by slower, incomplete resolution of
impairment.24 As the majority of humans stroke survivors will experience some degree
of incomplete resolution of impairment,74.87 use of the AWB model for the purpose of
assessing long-term functional change may be somewhat dubious. As no single model
fully captures the features of spontaneous clinical ICH, therapies shown to be successful
in one model of ICH should be assessed in a second model before proceeding to the next

phase of the translational process.24
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5.3 Future Directions

The findings from our experimental work and meta-analysis suggest a complex
relationship between timing of intervention onset, intensity, and treatment efficacy after
ICH. Comparing the results of our meta-analysis in ICH with the meta-analysis in
ischemia conducted by Schmidt et al.29 suggests the possibility of differing responses to
rehabilitation after ischemic and hemorrhagic stroke. Similarly, our analysis of
predictors of recovery suggests that there may be subtype specific differences in
recovery. Together, these findings provide a starting point for multiple avenues of
investigation in future stroke recovery research. Subsequent work should aim to address
whether manipulating intervention timing and intensity during the acute phase of
recovery after ICH (i.e., <7 days) alters outcomes, if rehabilitation efficacy varies by
stroke subtype, whether ~30% proportional recovery is a characteristic of all
hemorrhagic stroke or only striatal hemorrhage, and finally, whether these findings
differ by sex and age.

To better understand how treatment may alter mechanisms of injury and
recovery early after ICH, future studies should include assessment of markers of
inflammation, cell stress, and dysfunction. While exercise is associated with a number of
health benefits, intense, exhaustive exercise has been shown to produce reactive oxygen
species (ROS) in both brain and muscle at a rate that may overwhelm cellular
antioxidant capacities and lead to cell dysfunction or death.88:89 Oxidative stress is a
critical threat to cell health after ICH, due to increased ROS as a result of degradation of
the hematoma (i.e., hemoglobin breakdown)90:9t and phagocytic activity of microglia

and macrophages92:93 (see Section 1.6.2, Secondary Injury); understanding whether

rehabilitation initiated early after ICH exacerbates to oxidative stress and tips the
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balance in favour of cell health, dysfunction, or death is likely a fundamental piece of the
puzzle in determining the optimal timing of intervention after ICH.

To further evaluate predictors of recovery, characterization of injury must be
improved. While lesion volume is useful for assessing overall neuroprotective effects, it
does not provide sufficient detail to fully assess possible biomarkers of recovery. Future
work would benefit from the use of techniques such as serial MRI neuroimaging,24
which would provide repeated measures, within-subject information about hematoma
size and resolution. Similarly, a number of methods could be used to comprehensively
assess structure and function (or dysfunction) in the CST such as serial MRI
neuroimaging,24 injecting tracers into cortical layer V and assessing descending CST
fibre density,94 using electrophysiology to measure presence or absence of motor evoked
potentials (MEPs),% or simply using better immunohistochemical targets to identify
axonal modeling and repair in the CST (e.g., protein kinase C y).9 In addition to
providing greater insight into injury, the aforementioned techniques would help to
validate whether clinically accepted biomarkers of recovery, such as CST function, also
predict recovery in common experimental stroke models.

Demonstrating recovery at the level of impairment, not simply activity, must be
improved in subsequent preclinical work. Future studies need to include a combination
of functional assessments (e.g., test battery consisting of skilled reaching, walking,
neurological deficit score, grasping tasks, etc.) and kinematic movement analysis in
evaluations of recovery and treatment efficacy.97 When used in combination, these
assessments will provide insight into recovery at both the level of impairment and

activity,%8 and deliver a more comprehensive understanding of recovery in preclinical
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models that more closely reflects how impairment and recovery are measured by clinical
tools (e.g., Fugl-Meyer).

Future studies must also include the use of translationally relevant populations
that consider the factors of sex and age. As ~50% of stroke patients are female,
understanding if sex differences exist in response to rehabilitation interventions should
be a critical component of future research. Since there appears to be sex differences in
response to exercise in naive animals (e.g., increased BDNF expression in females),”2 it
is entirely possible that efficacy of rehabilitation may differ between sexes or that
optimal treatment parameters may not be identical. While we failed to see benefit of
early, intense ER in our experimental work and only modest benefit across all therapies
in our meta-analysis, it is possible that studies conducted in females may have different
results. From a purely technical standpoint, use of female rats would likely improve the
ability to collect long term behavioural data; female rats are generally smaller than
males and should not outgrow testing apparatus as quickly (an issue we grappled with in
our experimental work). Although there are many challenges associated with conducting
studies in aged rats (e.g., costs, loss of subjects, greater mortality), future rehabilitation
studies must consider exploring rehabilitation interventions in aged populations. As
there are known temporal differences in immune cell activation after ICH in aged
animals, 75-80-82 it is entirely possible that optimal timing of intervention onset and
intensity may differ between young and aged subjects. Furthermore, as the risk of stroke
increases after menopause,’3 these age studies must include both male and female
subjects.

Finally, future research must directly address the overarching question of

whether recovery and response to rehabilitation differs by stroke subtype. In order to

236



answer whether the proportional recovery we observed after ICH is a result of stroke
subtype or simply striatal injury requires direct comparison; an experiment of recovery
after subcortical striatal ischemic (i.e., ET-1 induced) and hemorrhagic (i.e., COL
induced) stroke is warranted. Ultimately, completion of an updated, meta-analysis
exploring efficacy of motor rehabilitation in translational models of ischemia using the
same methodology, endpoints, and subgroups as described in our meta-analysis is
needed.

Experiments designed to explore these fundamental questions of how timing,
intensity, and stroke subtype influence recovery after stroke must be guided by
evidence, rigorously designed, and carefully executed using translationally relevant
endpoints and assessment times. To ensure scientific and translational rigour,
researchers must adhere to best practices as outlined in the and RIGORY9 and
ARRIVEwo-102 gyidelines; we also recommend consulting the roadmap to improving the
quality of preclinical rehabilitation research outlined in our meta-analysis (Chapter 3,
Table 3-6).

As it will take substantial time and resources to complete this work, a multi-
laboratory approach such as that used by the Stroke Preclinical Assessment Network
(SPAN)103.104 should be used to address these questions. Collaboration will be essential,
as tackling these questions will be an incredibly complex task requiring a series of
experiments that systematically manipulate various experimental factors. An example of
this complexity can be found in the sheer volume of treatment groups that would be
needed to address various elements of interest: intervention timing (e.g., ER initiated at
3 days, 5 days, and 7 days), intensity (e.g., low, moderate, high intensity), stroke subtype

(e.g., ischemic vs. hemorrhagic), stroke location (e.g., cortical, striatal, combined), sex
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(i.e., female, male), and age (i.e., young, middle aged, old). In order to relate how these
factors effect mechanisms of neurological and behavioural recovery, a combination of
behavioural (e.g., skilled reaching, locomotor function, kinematic movement analysis),
histological (e.g., hematoma clearance, lesion volume, CST injury, dendritic branching),
and mechanistic endpoints (e.g., markers of oxidative stress, microglia activation,
inflammation, etc.) would need to be assessed. To provide sufficient temporal resolution
to these processes, endpoints would have to be evaluated at multiple times in each group
in each of the acute (<7 days), sub-acute (<30 days), and chronic phases (>30 days) of
recovery. Completing this work would likely require >1000 experimental subjects to
ensure sufficient statistical power in primary endpoints, appropriate use of control
groups, and account for endpoints that that are incompatible with each other (e.g.,
microglia activity at day 3 vs. hematoma clearance at day 14 vs. lesion volume at day
60). It quickly becomes clear that to address these questions would be onerous, costly,
and technically demanding; nevertheless, answering how timing, intensity, and stroke
subtype influence recovery after stroke would provide invaluable insight to preclinical

researchers and clinicians alike.

5.4 Conclusion

The work presented in this thesis evaluated the efficacy of rehabilitation in
translational models of ICH and delivers a critical review of the current state of
translational rehabilitation research. While safety and efficacy of very early intervention
(i.e., <24 hours) has been explored in both clinical and preclinical settings, there is a
marked gap in our understanding of the optimal window for intervention within the first

week of stroke. Here, we investigated whether initiating ER 5 days after ICH would
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accelerate hematoma clearance, improve behavioural function, and lessen chronic cell
death. We hypothesized that shortening the delay between injury and intervention onset
from 7 to 5 days would provide similar or greater benefit than that reported by
Williamson et al. in 2017.13 Surprisingly, our intervention did not provide benefit. Next,
we completed a systematic review and meta-analysis of motor rehabilitation after
preclinical ICH, providing a critical review of the current state of translational
rehabilitation research and offering insight into how altering intervention parameters,
such as timing, influences efficacy. Our analysis suggested a complex relationship
between intervention onset and treatment efficacy after ICH, and that this is likely
influenced by treatment type and/or intensity. Future research that systematically
manipulates intervention onset and directly compares the effect on efficacy must be
completed; as such, we have provided a roadmap to ensure that these next critical
studies are designed to avoid the errors of the past. Finally, we explored whether the
phenomenon of proportional recovery exists in preclinical ICH. We provide further
support that proportional recovery is a biologically conserved phenomenon after stroke,
however it occurs to a much lesser extent in preclinical models of striatal ICH (~30%).
While at times this thesis offers a bleak view of the past and present state of
translational stroke rehabilitation research, it is not written without hope for the future.
The scientific community is on the precipice of major systemic change as many
researchers embrace the ideas of open science and data sharing. Similarly, the
acknowledgement that data should be FAIR (findable, accessible, interoperable,
reusable)!os has led to recent policy changes where funding agencies now require
researchers to implement data management and sharing policies (e.g., NIH). While data

sharing should improve transparency and replicability,0¢ its greatest utility will likely lie
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in its ability to enable future researchers to conduct individual subject data meta-
analysis,'07 ultimately leading to a more precise understanding of rehabilitation efficacy

after stroke and the factors that influence it.

240



5.5 References

1.

10.

11.

12.

Ziai, W. C. & Carhuapoma, J. R. Intracerebral Hemorrhage. Contin. Lifelong
Learn. Neurol. 24, 1603-1622 (2018).

Al-Kawaz, M. N., Hanley, D. F. & Ziai, W. Advances in Therapeutic Approaches for
Spontaneous Intracerebral Hemorrhage. Neurotherapeutics 17, 1757-1767
(2020).

Elijovich, L., Patel, P. V. & Hemphill, J. C. Intracerebral hemorrhage. Semin.
Neurol. 28, 657-667 (2008).

Hong, K.-S. & Saver, J. L. Years of Disability-Adjusted Life Gained as a Result of
Thrombolytic Therapy for Acute Ischemic Stroke. Stroke 41, 471—477 (2010).
Haupenthal, D. et al. Disability-Adjusted Life-Years Associated with Intracerebral
Hemorrhage and Secondary Injury. JAMA Netw. Open 4, 1-10 (2021).

Kitago, T. & Ratan, R. R. Rehabilitation following hemorrhagic stroke: building
the case for stroke-subtype specific recovery therapies. F1oo0Research 6, 2044
(2017).

Puy, L. et al. Intracerebral haemorrhage. Nat. Rev. Dis. Prim. 9, (2023).

Fedor, B. A. et al. Early, Intense Rehabilitation Fails to Improve Outcome After
Intra-Striatal Hemorrhage in Rats. Neurorehabil. Neural Repair 36, 788—799
(2022).

MacLellan, C. L., Plummer, N., Silasi, G., Auriat, A. M. & Colbourne, F.
Rehabilitation Promotes Recovery After Whole Blood—Induced Intracerebral
Hemorrhage in Rats. Neurorehabil. Neural Repair 25, 477—483 (2011).
Caliaperumal, J. & Colbourne, F. Rehabilitation Improves Behavioral Recovery
and Lessens Cell Death Without Affecting Iron, Ferritin, Transferrin, or
Inflammation After Intracerebral Hemorrhage in Rats. Neurorehabil. Neural
Repair 28, 395-404 (2014).

Auriat, A. M. & Colbourne, F. Delayed rehabilitation lessens brain injury and
improves recovery after intracerebral hemorrhage in rats. Brain Res. 1251, 262—
268 (20009).

Auriat, A. M., Wowk, S. & Colbourne, F. Rehabilitation after intracerebral

hemorrhage in rats improves recovery with enhanced dendritic complexity but no

241



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

effect on cell proliferation. Behav. Brain Res. 214, 42—47 (2010).

Williamson, M. R. et al. Rehabilitation augments hematoma clearance and
attenuates oxidative injury and ion dyshomeostasis after brain hemorrhage.
Stroke 48, 195—203 (2017).

Biernaskie, J., Chernenko, G. & Corbett, D. Efficacy of Rehabilitative Experience
Declines with Time after Focal Ischemic Brain Injury. J. Neurosci. 24, 1245-1254
(2004).

MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Jeffers, M. S. et al. Does Stroke Rehabilitation Really Matter? Part B: An
Algorithm for Prescribing an Effective Intensity of Rehabilitation. Neurorehabil.
Neural Repair 1—11 (2018).

Biernaskie, J. & Corbett, D. Enriched Rehabilitative Training Promotes Improved
Forelimb Motor Function and Enhanced Dendritic Growth after Focal Ischemic
Injury. J. Neurosci. 21, 5272—5280 (2001).

Liddle, L. J., Ralhan, S., Ward, D. L. & Colbourne, F. Translational Intracerebral
Hemorrhage Research: Has Current Neuroprotection Research ARRIVEd at a
Standard for Experimental Design and Reporting? Transl. Stroke Res. 11, 1203—
1213 (2020).

Button, K. S. et al. Power failure: why small sample size undermines the reliability
of neuroscience. Nat. Rev. Neurosci. 14, 365—376 (2013).

Quinlan, E. B. et al. Neural function, injury, and stroke subtype predict treatment
gains after stroke. Ann. Neurol. 77, 132—145 (2015).

Kliiver, H. & Barrera, E. A Method for the Combined Staining of Cells and Fibers
in the Nervous System. J. Neuropathol. Exp. Neurol. 12, 400—403 (1953).

Fedor, B. A. et al. Motor Rehabilitation Provides Modest Functional Benefits After
Intracerebral Hemorrhage: a Systematic Review and Meta-Analysis of
Translational Rehabilitation Studies. Transl. Stroke Res. (2023).
doi:10.1007/s12975-023-01205-W

Wilkinson, C. M., Kung, T. F. C., Jickling, G. C. & Colbourne, F. A translational

perspective on intracranial pressure responses following intracerebral

242



24.

25.

26.

27.

28.

29.

30.

31.

32.

33-

34.

35-

hemorrhage in animal models. Brain Hemorrhages 2, 34—48 (2021).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
MacLellan, C. L., Silasi, G., Auriat, A. M. & Colbourne, F. Rodent Models of
Intracerebral Hemorrhage. Stroke 41, S95—-S98 (2010).

Gunderson, M. L., Heer, S. & Klahr, A. C. A Pilot Systematic Review and Meta-
analysis of Neuroprotective Studies in Female Rodent Models of Ischemic Stroke.
Transl. Stroke Res. (2023). d0i:10.1007/512975-023-01134-8

Tamakoshi, K., Maeda, M., Nakamura, S. & Murohashi, N. Very Early Exercise
Rehabilitation After Intracerebral Hemorrhage Promotes Inflammation in the
Brain. Neurorehabil. Neural Repair 35, 501—-512 (2021).

Tamakoshi, K., Maeda, M., Murohashi, N. & Saito, A. Effect of exercise from a
very early stage after intracerebral hemorrhage on microglial and macrophage
reactivity states in rats. Neuroreport 33, 304—311 (2022).

Schmidt, A. et al. Meta-analysis of the Efficacy of Different Training Strategies in
Animal Models of Ischemic Stroke. Stroke 45, 239—247 (2014).

DeBow, S. B., Davies, M. L. A., Clarke, H. L. & Colbourne, F. Constraint-Induced
Movement Therapy and Rehabilitation Exercises Lessen Motor Deficits and
Volume of Brain Injury After Striatal Hemorrhagic Stroke in Rats. Stroke 34,
1021-1026 (2003).

Prabhakaran, S. et al. Inter-individual Variability in the Capacity for Motor
Recovery After Ischemic Stroke. Neurorehabil. Neural Repair 22, 64—71 (2008).
Winters, C., van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Proportional Recovery Model for the Upper Extremity After an Ischemic
Stroke. Neurorehabil. Neural Repair 29, 614—622 (2015).

Stinear, C. M. et al. Proportional Motor Recovery After Stroke. Stroke 48, 795—
7983 (2017).

Smith, M. C., Byblow, W. D., Barber, P. A. & Stinear, C. M. Proportional Recovery
from Lower Limb Motor Impairment after Stroke. Stroke 48, 1400-1403 (2017).
Veerbeek, J. M., Winters, C., van Wegen, E. E. H. & Kwakkel, G. Is the
proportional recovery rule applicable to the lower limb after a first-ever ischemic

stroke? PLoS One 13, 1—13 (2018).

243



36.

37

38.

39-

40.

41.

42.

43.

44.

45.

46.

47.

Lazar, R. M. et al. Improvement in aphasia scores after stroke is well predicted by
initial severity. Stroke 41, 1485-1488 (2010).

Winters, C., Van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Maximum Proportional Recovery Rule to Visuospatial Neglect Early
Poststroke. Neurorehabil. Neural Repair 31, 334—342 (2017).

Byblow, W. D., Stinear, C. M., Barber, P. A., Petoe, M. A. & Ackerley, S. J.
Proportional recovery after stroke depends on corticomotor integrity. Ann.
Neurol. 78, 848—-859 (2015).

Ward, N. S. & Carmichael, S. T. Blowing up Neural Repair for Stroke Recovery:
Preclinical and Clinical Trial Considerations. Stroke 3169—3173 (2020).
doi:10.1161/STROKEAHA.120.030486

Cramer, S. C. et al. Stroke Recovery and Rehabilitation Research: Issues,
Opportunities, and the National Institutes of Health StrokeNet. Stroke 48, 813—
819 (2017).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—
126 (2015).

Jeffers, M. S., Karthikeyan, S. & Corbett, D. Does Stroke Rehabilitation Really
Matter? Part A: Proportional Stroke Recovery in the Rat. Neurorehabil. Neural
Repair 32, 3—6 (2018).

Kelly, P. J. et al. Functional recovery following rehabilitation after hemorrhagic
and ischemic stroke. Arch. Phys. Med. Rehabil. 84, 968—972 (2003).

Paolucci, S. et al. Functional Outcome of Ischemic and Hemorrhagic Stroke
Patients after Inpatient Rehabilitation: A Matched Comparison. Stroke 34, 2861—
2865 (2003).

Schepers, V. P. M. et al. Functional recovery differs between ischaemic and
haemorrhagic stroke patients. J. Rehabil. Med. 40, 487—489 (2008).

Miyai, 1., Blau, A. D., Reding, M. J. & Volpe, B. T. Patients with stroke confined to
basal ganglia have diminished response to rehabilitation efforts. Neurology 48,
95-101 (1997).

Karthikeyan, S., Jeffers, M. S., Carter, A. & Corbett, D. Characterizing
Spontaneous Motor Recovery Following Cortical and Subcortical Stroke in the

Rat. Neurorehabil. Neural Repair 33, 27—37 (2019).

244



48.

49.

50.

51.

52.

53-

54.

55-

56.

57

58.

59.

60.

Teo, K. et al. Location-Specific Hematoma Volume Cutoff and Clinical Outcomes
in Intracerebral Hemorrhage. Stroke 54, 1548—-1557 (2023).

Lopresti, M. A. et al. Hematoma volume as the major determinant of outcomes
after intracerebral hemorrhage. J. Neurol. Sci. 345, 3—7 (2014).

MacDonald, S. et al. The association between inpatient rehabilitation intensity
and outcomes after stroke in Ontario, Canada. International Journal of Stroke
(2023). d0i:10.1177/17474930231215005

Dromerick, A. W. et al. Very early constraint-induced movement during stroke
rehabilitation (VECTORS): A single-center RCT. Neurology 73, 195—201 (2009).
Balbinot, G. et al. Enriched rehabilitation reduces abnormal motor synergies and
enhances motor plasticity following severe stroke in rats. Stroke 54, 2156—2166
(2023).

Bernhardt, J. et al. Agreed definitions and a shared vision for new standards in
stroke recovery research: The Stroke Recovery and Rehabilitation Roundtable
taskforce. Int. J. Stroke 12, 444—450 (2017).

Yen, H.-C. et al. Early Mobilization of Mild-Moderate Intracerebral Hemorrhage
Patients in a Stroke Center: A Randomized Controlled Trial. Neurorehabil. Neural
Repair 34, 72—81 (2020).

Bernhardt, J. Efficacy and safety of very early mobilisation within 24 h of stroke
onset (AVERT): a randomised controlled trial. Lancet 386, 46—55 (2015).
Bernhardt, J. et al. Prespecified dose-response analysis for A Very Early
Rehabilitation Trial (AVERT). Neurology 86, 2138—2145 (2016).

Stremmen, A. M., Christensen, T. & Jensen, K. Intensive treadmill training in the
acute phase after ischemic stroke. Int. J. Rehabil. Res. 39, 145—152 (2016).
Kozlowski, D. A., James, D. C. & Schallert, T. Use-Dependent Exaggeration of
Neuronal Injury after Unilateral Sensorimotor Cortex Lesions. J. Neurosci. 16,
4776-4786 (1996).

DeBow, S. B., McKenna, J. E., Kolb, B. & Colbourne, F. Immediate constraint-
induced movement therapy causes local hyperthermia that exacerbates cerebral
cortical injury in rats. Can. J. Physiol. Pharmacol. 82, 231—237 (2004).
Hooijmans, C. R., IntHout, J., Ritskes-Hoitinga, M. & Rovers, M. M. Meta-

Analyses of Animal Studies: An Introduction of a Valuable Instrument to Further

245



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

Improve Healthcare. ILAR J. 55, 418—426 (2014).

Cait, J., Cait, A., Scott, R. W., Winder, C. B. & Mason, G. J. Conventional
laboratory housing increases morbidity and mortality in research rodents: results
of a meta-analysis. BMC Biol. 20, 15 (2022).

Heidorn, P. B. Shedding light on the dark data in the long tail of science. Libr.
Trends 57, 280—299 (2008).

Chan, A.-W. et al. Increasing value and reducing waste: addressing inaccessible
research. Lancet 383, 257—266 (2014).

Usui, T., Macleod, M. R., McCann, S. K., Senior, A. M. & Nakagawa, S. Meta-
analysis of variation suggests that embracing variability improves both
replicability and generalizability in preclinical research. PLoS Biol. 19, 1—20
(2021).

Nguyen, A. P., Arvanitidis, A. P. & Colbourne, F. Failure of estradiol to improve
spontaneous or rehabilitation-facilitated recovery after hemorrhagic stroke in
rats. Brain Res. 1193, 109—119 (2008).

Ahnstedt, H., McCullough, L. D. & Cipolla, M. J. The Importance of Considering
Sex Differences in Translational Stroke Research. Transl. Stroke Res. 7, 261—273
(2016).

Prendergast, B. J., Onishi, K. G. & Zucker, I. Female mice liberated for inclusion
in neuroscience and biomedical research. Neurosci. Biobehav. Rev. 40, 1—5
(2014).

Becker, J. B., Prendergast, B. J. & Liang, J. W. Female rats are not more variable
than male rats: A meta-analysis of neuroscience studies. Biol. Sex Differ. 77, 1—7
(2016).

Rocks, D., Cham, H. & Kundakovic, M. Why the estrous cycle matters for
neuroscience. Biol. Sex Differ. 13, 1—-14 (2022).

Barha, C. K. & Liu-Ambrose, T. Exercise and the Aging Brain: Considerations for
Sex Differences. Brain Plast. 4, 53—63 (2018).

Mang, C. S., Campbell, K. L., Ross, C. J. D. & Boyd, L. A. Perspective Promoting
Neuroplasticity for Motor Rehabilitation After Stroke : Brain-Derived
Neurotrophic Factor. Phys. Ther. 93, 1707—1716 (2013).

Barha, C. K., Falck, R. S., Davis, J. C., Nagamatsu, L. S. & Liu-Ambrose, T. Sex

246



73-

74.

75-

76.

77-

78.

79-

8o.

81.

82.

83.

differences in aerobic exercise efficacy to improve cognition: A systematic review
and meta-analysis of studies in older rodents. Front. Neuroendocrinol. 46, 86—
105 (2017).

Vyas, M. V. et al. Stroke Incidence by Sex across the Lifespan. Stroke 52, 447—451
(2021).

Donkor, E. S. Stroke in the 21st Century: A Snapshot of the Burden, Epidemiology,
and Quality of Life. Stroke Res. Treat. 2018, 1—10 (2018).

Gong, Y., Hua, Y., Keep, R. F., Hoff, J. T. & Xi, G. Intracerebral hemorrhage:
Effects of aging on brain edema and neurological deficits. Stroke 35, 2571—2575
(2004).

Camacho, E. et al. The role of age in intracerebral hemorrhages. J. Clin. Neurosci.
22, 1867-1870 (2015).

Wilkinson, C. M. et al. Tissue Compliance and Intracranial Pressure Responses to
Large Intracerebral Hemorrhage in Young and Aged Spontaneously Hypertensive
Rats. Hypertension 1—11 (2023). doi:10.1161/hypertensionaha.123.21628
Watson, N., Bonsack, F. & Sukumari-Ramesh, S. Intracerebral Hemorrhage: The
Effects of Aging on Brain Injury. Front. Aging Neurosci. 14, 1-10 (2022).

Zheng, Y., Tan, X. & Cao, S. The Critical Role of Erythrolysis and
Microglia/Macrophages in Clot Resolution After Intracerebral Hemorrhage: A
Review of the Mechanisms and Potential Therapeutic Targets. Cell. Mol.
Neurobiol. (2022). doi:10.1007/s10571-021-01175-3

Wasserman, J. K., Yang, H. & Schlichter, L. C. Glial responses, neuron death and
lesion resolution after intracerebral hemorrhage in young vs. aged rats. Eur. J.
Neurosci. 28, 1316—1328 (2008).

Gong, Y., Xi, G. H., Keep, R. F., Hoff, J. T. & Hua, Y. Aging enhances intracerebral
hemorrhage-induced brain injury in rats. Acta Neurochir. Suppl. 17760, 425—427
(2005).

Lee, J. C., Cho, G. S., Choi, B. O., Kim, H. C. & Kim, W. K. Aging exacerbates
intracerebral hemorrhage-induced brain injury. J. Neurotrauma 26, 1567-1576
(20009).

Kohman, R. A., DeYoung, E. K., Bhattacharya, T. K., Peterson, L. N. & Rhodes, J.

S. Wheel running attenuates microglia proliferation and increases expression of a

247



84.

85.

86.

87.

88.

89.

90.

1.

92.

93.

94.

95-

proneurogenic phenotype in the hippocampus of aged mice. Brain. Behav.
Immun. 26, 803—-810 (2012).

Manaenko, A., Chen, H., Zhang, J. H. & Tang, J. Comparison of Different
Preclinical Models of Intracerebral Hemorrhage. in Acta Neurochirurgica 111, 9—
14 (2011).

Bai, Q. et al. Intracerebral haemorrhage: From clinical settings to animal models.
Stroke Vasc. Neurol. 5, 388—395 (2020).

Xue, M. & Del Bigio, M. R. Comparison of brain cell death and inflammatory
reaction in three models of intracerebral hemorrhage in adult rats. J. Stroke
Cerebrovasc. Dis. 12, 152—159 (2003).

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Camiletti-Moir6n, D., Aparicio, V. A., Aranda, P. & Radak, Z. Does exercise reduce
brain oxidative stress? A systematic review. Scand. J. Med. Sci. Sport. 23, 202—
212 (2013).

He, F. et al. Redox mechanism of reactive oxygen species in exercise. Front.
Physiol. 7, 1—10 (2016).

Mracsko, E. & Veltkamp, R. Neuroinflammation after intracerebral hemorrhage.
Front. Cell. Neurosci. 8,1—13 (2014).

Tschoe, C., Bushnell, C. D., Duncan, P. W., Alexander-Miller, M. A. & Wolfe, S. Q.
Neuroinflammation after Intracerebral Hemorrhage and Potential Therapeutic
Targets. J. Stroke 22, 29—46 (2020).

Aronowski, J. & Zhao, X. Molecular pathophysiology of cerebral hemorrhage:
Secondary brain injury. Stroke 42, 1781-1786 (2011).

Liu, J., Zhu, Z. & Leung, G. K. K. Erythrophagocytosis by Microglia/Macrophage
in Intracerebral Hemorrhage: From Mechanisms to Translation. Front. Cell.
Neurosci. 16, 1-13 (2022).

Wiersma, A. & Winship, I. In vivo Use of Dextran-based Anterograde Cortical
Tracers to Assess the Integrity of the Cortical Spinal Tract. Bio-Protocol 8, 1—14
(2018).

Schlag, M. G., Hopf, R. & Redl, H. Serial recording of sensory, corticomotor, and

brainstem-derived motor evoked potentials in the rat. Somatosens. Mot. Res. 18,

248



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

106—-116 (2001).

Zhang, B. et al. PKCy promotes axonal remodeling in the cortico-spinal tract via
GSK3[3/B-catenin signaling after traumatic brain injury. Sci. Rep. 9, 1—16 (2019).
Balkaya, M. G., Trueman, R. C., Boltze, J., Corbett, D. & Jolkkonen, J. Behavioral
outcome measures to improve experimental stroke research. Behav. Brain Res.
352, 161—171 (2018).

World Health Organization. International Classification of Functioning,
Disability and Health (ICF). (World Health Organization, 2001).

Lapchak, P. A., Zhang, J. H. & Noble-Haeusslein, L. J. RIGOR Guidelines:
Escalating STAIR and STEPS for Effective Translational Research. Transl. Stroke
Res. 4, 279—285 (2013).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal
research: Reporting in vivo experiments: The ARRIVE guidelines. Br. J.
Pharmacol. 160, 1577-1579 (2010).

Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for
reporting animal research. PLOS Biol. 18, €3000410 (2020).

Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration
for the ARRIVE guidelines 2.0. PLOS Biol. 18, €3000411 (2020).

Lyden, P. D. et al. The Stroke Preclinical Assessment Network: Rationale, Design,
Feasibility, and Stage 1 Results. Stroke 53, 1802—-1812 (2022).

Morais, A. et al. Embracing Heterogeneity in the Multicenter Stroke Preclinical
Assessment Network (SPAN) Trial. Stroke 54, 620—631 (2023).

Wilkinson, M. D. et al. Comment: The FAIR Guiding Principles for scientific data
management and stewardship. Sci. Data 3, 1—9 (2016).

Ferguson, A. R., Nielson, J. L., Cragin, M. H., Bandrowski, A. E. & Martone, M. E.
Big data from small data: Data-sharing in the ‘long tail’ of neuroscience. Nat.
Neurosci. 17, 1442-1447 (2014).

Ventresca, M. et al. Obtaining and managing data sets for individual participant
data meta-analysis: Scoping review and practical guide. BMC Med. Res. Methodol.

20, 1-18 (2020).

249



Bibliography

Chapter 1

1.

10.

11.

12.

Sacco, R. L. et al. An updated definition of stroke for the 21st century: A statement
for healthcare professionals from the American heart association/American stroke
association. Stroke 44, 2064—2089 (2013).

Avan, A. et al. Socioeconomic status and stroke incidence, prevalence, mortality,
and worldwide burden: an ecological analysis from the Global Burden of Disease
Study 2017. BMC Med. 17, 191 (2019).

Shoamanesh, A. et al. Canadian stroke best practice recommendations:
Management of Spontaneous Intracerebral Hemorrhage, 7th Edition Update
2020. Int. J. Stroke 0, 1—21 (2020).

Krueger, H. et al. Prevalence of Individuals Experiencing the Effects of Stroke in
Canada: Trends and Projections. Stroke. 46, 2226—2231 (2015).

Brewer, L., Horgan, F., Hickey, A. & Williams, D. Stroke rehabilitation: Recent
advances and future therapies. Qjm 106, 11—25 (2013).

Feigin, V. L. et al. Update on the Global Burden of Ischemic and Hemorrhagic
Stroke in 1990-2013: The GBD 2013 Study. Neuroepidemiology 45, 161-176
(2015).

Haupenthal, D. et al. Disability-Adjusted Life-Years Associated with Intracerebral
Hemorrhage and Secondary Injury. JAMA Netw. Open 4, 1-10 (2021).

Bhalla, A., Wang, Y., Rudd, A. & Wolfe, C. D. A. Differences in outcome and
predictors between ischemic and intracerebral hemorrhage: The South London
Stroke Register. Stroke 44, 2174—2181 (2013).

Donkor, E. S. Stroke in the 21st Century: A Snapshot of the Burden, Epidemiology,
and Quality of Life. Stroke Res. Treat. 2018, 1—10 (2018).

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Lopresti, M. A. et al. Hematoma volume as the major determinant of outcomes
after intracerebral hemorrhage. J. Neurol. Sci. 345, 3—7 (2014).

Camacho, E. et al. The role of age in intracerebral hemorrhages. J. Clin. Neurosci.

22 1867-1870 (2015).

250



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Elijovich, L., Patel, P. V. & Hemphill, J. C. Intracerebral hemorrhage. Semin.
Neurol. 28, 657-667 (2008).

Qureshi, A. 1., Mendelow, A. D. & Hanley, D. F. Intracerebral haemorrhage.
Lancet 373, 1632—1644 (2009).

Zhang, Y. et al. Modes of Brain Cell Death Following Intracerebral Hemorrhage.
Front. Cell. Neurosci. 16, 1—15 (2022).

Zille, M. et al. Neuronal Death after Hemorrhagic Stroke in Vitro and in Vivo
Shares Features of Ferroptosis and Necroptosis. Stroke 48, 1033—1043 (2017).
Cusack, T. J., Carhuapoma, J. R. & Ziai, W. C. Update on the Treatment of
Spontaneous Intraparenchymal Hemorrhage: Medical and Interventional
Management. Curr. Treat. Options Neurol. 20, (2018).

Ziai, W. C. & Carhuapoma, J. R. Intracerebral Hemorrhage. Contin. Lifelong
Learn. Neurol. 24, 1603—-1622 (2018).

Al-Kawaz, M. N., Hanley, D. F. & Ziai, W. Advances in Therapeutic Approaches for
Spontaneous Intracerebral Hemorrhage. Neurotherapeutics 17, 1757-1767
(2020).

Deb, P., Sharma, S. & Hassan, K. M. Pathophysiologic mechanisms of acute
ischemic stroke: An overview with emphasis on therapeutic significance beyond
thrombolysis. Pathophysiology 17, 197—218 (2010).

Cramer, S. C. Repairing the human brain after stroke: I. Mechanisms of
spontaneous recovery. Ann. Neurol. 63, 272—287 (2008).

Datta, A. et al. Cell Death Pathways in Ischemic Stroke and Targeted
Pharmacotherapy. Transl. Stroke Res. 11, 1185-1202 (2020).

Hasan, T. F., Hasan, H. & Kelley, R. E. Overview of acute ischemic stroke
evaluation and management. Biomedicines 9, 1—29 (2021).

Tawil, S. El & Muir, K. W. Thrombolysis and thrombectomy for acute ischaemic
stroke. Clin. Med. 17, 161—165 (2017).

Jickling, G. C. et al. Hemorrhagic transformation after ischemic stroke in animals
and humans. J. Cereb. Blood Flow Metab. 34, 185—-199 (2014).

Spronk, E. et al. Hemorrhagic Transformation in Ischemic Stroke and the Role of
Inflammation. Front. Neurol. 12, 1—15 (2021).

O’Donnell, M. J. et al. Risk factors for ischaemic and intracerebral haemorrhagic

251



28.

29.

30.

31.

32.

33-

34.

35-

36.

37

38.

39-

40.

stroke in 22 countries (the INTERSTROKE study): A case-control study. Lancet
376, 112—123 (2010).

O’Donnell, M. J. et al. Global and regional effects of potentially modifiable risk
factors associated with acute stroke in 32 countries (INTERSTROKE): a case-
control study. Lancet 388, 761—775 (2016).

Chen, C. & Hu, Z. ApoE polymorphisms and the risk of different subtypes of
stroke in the Chinese population: A comprehensive meta-analysis. Cerebrovasc.
Dis. 41, 119—138 (2016).

Vyas, M. V. et al. Stroke Incidence by Sex across the Lifespan. Stroke 52, 447—451
(2021).

Rexrode, K. M. et al. The Impact of Sex and Gender on Stroke. Circ. Res. 130,
512—528 (2022).

Ikram, M. A., Wieberdink, R. G. & Koudstaal, P. J. International epidemiology of
intracerebral hemorrhage. Curr. Atheroscler. Rep. 14, 300—306 (2012).
Pantoni, L. Cerebral small vessel disease: from pathogenesis and clinical
characteristics to therapeutic challenges. Lancet Neurol. 9, 689—701 (2010).
Sevush-Garcy, J. & Gutierrez, J. An Epidemiological Perspective on
Race/Ethnicity and Stroke. Curr. Cardiovasc. Risk Rep. 9, (2015).

van Asch, C. J. et al. Incidence, case fatality, and functional outcome of
intracerebral haemorrhage over time, according to age, sex, and ethnic origin: a
systematic review and meta-analysis. Lancet Neurol. 9, 167—-176 (2010).

Turana, Y. et al. Hypertension and stroke in Asia: A comprehensive review from
HOPE Asia. J. Clin. Hypertens. 23, 513—521 (2021).

Ariesen, M. J., Claus, S. P., Rinkel, G. J. E. & Algra, A. Risk factors for
intracerebral hemorrhage in the general population: A systematic review. Stroke
34, 2060—2065 (2003).

Iadecola, C. & Davisson, R. L. Hypertension and Cerebrovascular Dysfunction.
Cell Metab. 7, 476—484 (2008).

Zhou, D., Xi, B., Zhao, M., Wang, L. & Veeranki, S. P. Uncontrolled hypertension
increases risk of all-cause and cardiovascular disease mortality in US adults: The
NHANES III Linked Mortality Study. Sci. Rep. 8, 1—7 (2018).

Chen, R., Ovbiagele, B. & Feng, W. Diabetes and Stroke: Epidemiology,

252



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Pathophysiology, Pharmaceuticals and Outcomes. Am. J. Med. Sci. 351, 380-386
(2016).

Kagansky, N., Levy, S. & Knobler, H. The Role of Hyperglycemia in Acute Stroke.
Arch. Neurol. 58, 1209 (2001).

Kawabori, M. et al. Characteristics of Symptomatic Intracerebral Hemorrhage in
Patient Receiving Direct Oral Anticoagulants: Comparison with Warfarin. J.
Stroke Cerebrovasc. Dis. 27, 1338—1342 (2018).

Edward, J. A. & Cornwell, W. K. Impact of Exercise on Cerebrovascular Physiology
and Risk of Stroke. Stroke (2022). doi:10.1161/strokeaha.121.037343

Smyth, A. et al. Alcohol Intake as a Risk Factor for Acute Stroke: The
INTERSTROKE Study. Neurology 100, E142-E153 (2023).

Corbetta, M. et al. Common behavioral clusters and subcortical anatomy in stroke.
Neuron 85, 927—941 (2015).

Keep, R. F., Hua, Y. & Xij, G. Intracerebral haemorrhage: mechanisms of injury
and therapeutic targets. Lancet Neurol. 11, 720—731 (2012).

Chen, C. L., Tang, F. T., Chen, H. C., Chung, C. Y. & Wong, M. K. Brain lesion size
and location: Effects on motor recovery and functional outcome in stroke patients.
Arch. Phys. Med. Rehabil. 81, 447—452 (2000).

Qureshi, A. 1. et al. Spontaneous Intracerebral Hemorrhage. N. Engl. J. Med. 344,
1450—1460 (2001).

Moullaali, T. J. et al. Blood pressure control and clinical outcomes in acute
intracerebral haemorrhage: a preplanned pooled analysis of individual participant
data. Lancet Neurol. 18, 857-864 (2019).

Diringer, M. N. & Edwards, D. F. Admission to a neurologic/neurosurgical
intensive care unit is associated with reduced mortality rate after intracerebral
hemorrhage. Crit. Care Med. 29, 635—640 (2001).

Ungerer, M. N. et al. Stroke unit admission is associated with better outcome and
lower mortality in patients with intracerebral hemorrhage. Eur. J. Neurol. 27,
825-832 (2020).

Teasell, R. et al. Canadian Stroke Best Practice Recommendations: Rehabilitation,
Recovery, and Community Participation following Stroke. Part One:

Rehabilitation and Recovery Following Stroke; 6th Edition Update 2019. Int. J.

253



53

54.

55-

56.

57

58.

59.

60.

61.

62.

63.

64.

65.

Stroke 15, 763—788 (2020).

Bernhardt, J. et al. Agreed definitions and a shared vision for new standards in
stroke recovery research: The Stroke Recovery and Rehabilitation Roundtable
taskforce. Int. J. Stroke 12, 444—450 (2017).

Saposnik, G. et al. Variables associated with 7-day, 30-day, and 1-year fatality
after ischemic stroke. Stroke 39, 2318—2324 (2008).

Bryndziar, T. et al. Predictors of Short- and Long-Term Mortality in Ischemic
Stroke: A Community-Based Study in Brno, Czech Republic. Cerebrovasc. Dis. 51,
296—303 (2022).

Broderick, J. P., Brott, T. G., Duldner, J. E., Tomsick, T. & Huster, G. Volume of
intracerebral hemorrhage: A powerful and easy-to-use predictor of 30-day
mortality. Stroke 24, 987—993 (1993).

Kelly, P. J. et al. Functional recovery following rehabilitation after hemorrhagic
and ischemic stroke. Arch. Phys. Med. Rehabil. 84, 968—972 (2003).

Paolucci, S. et al. Functional Outcome of Ischemic and Hemorrhagic Stroke
Patients after Inpatient Rehabilitation: A Matched Comparison. Stroke 34, 2861—
2865 (2003).

James, M. L. et al. Assessment of the interaction of age and sex on 9o-day
outcome after intracerebral hemorrhage. Neurology 89, 1011-1019 (2017).
James, M. L. et al. Sex and Age Interactions and Differences in Outcomes after
Intracerebral Hemorrhage. J. Women’s Heal. 26, 380—388 (2017).

Delcourt, C. et al. Hematoma growth and outcomes in intracerebral hemorrhage:
the INTERACT1 study. Neurology 79, 314—319 (2012).

World Health Organization. International Classification of Functioning,
Disability and Health (ICF). (World Health Organization, 2001).

Warraich, Z. & Kleim, J. A. Neural plasticity: The biological substrate for
neurorehabilitation. PM R 2, 208—-219 (2010).

Levin, M. F., Kleim, J. A. & Wolf, S. L. What do motor ‘recovery’ and
‘compensationg’ mean in patients following stroke? Neurorehabil. Neural Repair
23, 313-319 (2009).

Rankin, J. Cerebral Vascular Accidents in Patients over the Age of 60: II.
Prognosis. Scott. Med. J. 2, 200—215 (1957).

254



66.

67.

68.

69.

70.

71.

72.

73-

74.

75:

76.

77-

78.

Broderick, J. P., Adeoye, O. & Elm, J. Evolution of the Modified Rankin Scale and
Its Use in Future Stroke Trials. Stroke 48, 2007—-2012 (2017).

Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, S. S. The post-stroke hemiplegic
patient. 1. a method for evaluation of physical performance. Scand. J. Rehabil.
Med. 7,13-31 (1975).

Mahoney, F. 1. & Barthel, D. W. Functional evaluation: The Barthel Index. Md.
State Med. J. 14, 56—61 (1965).

Miller, E. L. et al. Comprehensive overview of nursing and interdisciplinary
rehabilitation care of the stroke patient: A scientific statement from the American
heart association. Stroke 41, 2402—2448 (2010).

Ward, N. S., Brander, F. & Kelly, K. Intensive upper limb neurorehabilitation in
chronic stroke: Outcomes from the Queen Square programme. J. Neurol.
Neurosurg. Psychiatry 90, 498—506 (2019).

Copay, A. G., Subach, B. R., Glassman, S. D., Polly, D. W. & Schuler, T. C.
Understanding the minimum clinically important difference: a review of concepts
and methods. Spine J. 7, 541—546 (2007).

Salvadori, E. et al. Comparison between Ischemic and Hemorrhagic Strokes in
Functional Outcome at Discharge from an Intensive Rehabilitation Hospital.
Diagnostics 11, 38 (2020).

Toyoda, K. et al. Twenty-Year Change in Severity and Outcome of Ischemic and
Hemorrhagic Strokes. JAMA Neurol. 79, 61-69 (2022).

Jorgensen, H. S. et al. Outcome and time course of recovery in stroke. Part I:
Outcome. The Copenhagen stroke study. Arch. Phys. Med. Rehabil. 76, 399—405
(1995).

Jorgensen, H. S. et al. Outcome and time course of recovery in stroke. Part II:
Time course of recovery. The copenhagen stroke study. Arch. Phys. Med. Rehabil.
76, 406—412 (1995).

Jorgensen, H. S., Nakayam, H., Otto, H. & Olsen, T. . The Copenhagen Stroke
Study. Phys. Med. Rehabil. 10, 887—906 (1999).

Ballester, B. R. et al. A critical time window for recovery extends beyond one-year
post-stroke. J. Neurophysiol. 122, 350—357 (2019).

Péscoa dos Santos, F. & Verschure, P. F. M. J. Excitatory-Inhibitory Homeostasis

255



79-

8o.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1.

and Diaschisis: Tying the Local and Global Scales in the Post-stroke Cortex. Front.
Syst. Neurosci. 15, 1-19 (2022).

Cirillo, C. et al. Post-stroke remodeling processes in animal models and humans.
J. Cereb. Blood Flow Metab. 40, 3—22 (2020).

Nam, M. H. et al. Excessive Astrocytic GABA Causes Cortical Hypometabolism
and Impedes Functional Recovery after Subcortical Stroke. Cell Rep. 32, 107861
(2020).

Murphy, T. H. & Corbett, D. Plasticity during stroke recovery: from synapse to
behaviour. Nat. Rev. Neurosci. 10, 861—-872 (2009).

Cassidy, J. M. & Cramer, S. C. Spontaneous and Therapeutic-Induced
Mechanisms of Functional Recovery After Stroke. Transl. Stroke Res. 8, 33—46
(2017).

Joy, M. T. & Carmichael, S. T. Encouraging an excitable brain state: mechanisms
of brain repair in stroke. Nat. Rev. Neurosci. 22, 38—53 (2021).

Prabhakaran, S. et al. Inter-individual Variability in the Capacity for Motor
Recovery After Ischemic Stroke. Neurorehabil. Neural Repair 22, 64—71 (2008).
Smith, M. C., Byblow, W. D., Barber, P. A. & Stinear, C. M. Proportional Recovery
from Lower Limb Motor Impairment after Stroke. Stroke 48, 1400-1403 (2017).
Lazar, R. M. et al. Improvement in aphasia scores after stroke is well predicted by
initial severity. Stroke 41, 1485-1488 (2010).

Boyd, L. A. et al. Biomarkers of stroke recovery: Consensus-based core
recommendations from the Stroke Recovery and Rehabilitation Roundtable. Int.
J. Stroke 12, 480—-493 (2017).

Bigourdan, A. et al. Early fiber number ratio is a surrogate of corticospinal tract
integrity and predicts motor recovery after stroke. Stroke 47, 1053—-1059 (2016).
Quinlan, E. B. et al. Neural function, injury, and stroke subtype predict treatment
gains after stroke. Ann. Neurol. 77, 132—145 (2015).

Byblow, W. D., Stinear, C. M., Barber, P. A., Petoe, M. A. & Ackerley, S. J.
Proportional recovery after stroke depends on corticomotor integrity. Ann.
Neurol. 78, 848—-859 (2015).

Stinear, C. M. et al. Proportional Motor Recovery After Stroke. Stroke 48, 795—
7983 (2017).

256



92.

93.

94.

95-

96.

97.

98.

99.

100.

101.

102.

103.

104.

Jeffers, M. S., Karthikeyan, S. & Corbett, D. Does Stroke Rehabilitation Really
Matter? Part A: Proportional Stroke Recovery in the Rat. Neurorehabil. Neural
Repair 32, 3—6 (2018).

Jeffers, M. S. et al. Does Stroke Rehabilitation Really Matter? Part B: An
Algorithm for Prescribing an Effective Intensity of Rehabilitation. Neurorehabil.
Neural Repair 1—11 (2018).

MacLellan, C. L., Silasi, G., Auriat, A. M. & Colbourne, F. Rodent Models of
Intracerebral Hemorrhage. Stroke 41, S95—S98 (2010).

Manaenko, A., Chen, H., Zhang, J. H. & Tang, J. Comparison of Different
Preclinical Models of Intracerebral Hemorrhage. in Acta Neurochirurgica 111, 9—
14 (2011).

Li, Y. & Zhang, J. Animal models of stroke. Anim. Model. Exp. Med. 4, 204—219
(2021).

Liddle, L. J., Ralhan, S., Ward, D. L. & Colbourne, F. Translational Intracerebral
Hemorrhage Research: Has Current Neuroprotection Research ARRIVEd at a
Standard for Experimental Design and Reporting? Transl. Stroke Res. 11, 1203—
1213 (2020).

Rosenberg, G. A., Mun-Bryce, S., Wesley, M. & Komfeld, M. Collagenase-induced
intracerebral hemorrhage in rats. Stroke 21, 801—-807 (1990).

Keep, R. F. et al. Vascular disruption and blood-brain barrier dysfunction in
intracerebral hemorrhage. Fluids Barriers CNS 11, 1-13 (2014).

Ropper, A. H. & Zervas, N. T. Cerebral Blood Flow After Experimental Basal
Ganglia Hemorrhage. Ann. Neurol. 11, 266—271 (1982).

Schlunk, F. & Greenberg, S. M. The Pathophysiology of Intracerebral Hemorrhage
Formation and Expansion. Transl. Stroke Res. 6, 257—263 (2015).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
Xue, M. & Del Bigio, M. R. Comparison of brain cell death and inflammatory
reaction in three models of intracerebral hemorrhage in adult rats. J. Stroke
Cerebrovasc. Dis. 12, 152—159 (2003).

Mracsko, E. & Veltkamp, R. Neuroinflammation after intracerebral hemorrhage.

Front. Cell. Neurosci. 8, 1-13 (2014).

257



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Aronowski, J. & Zhao, X. Molecular pathophysiology of cerebral hemorrhage:
Secondary brain injury. Stroke 42, 1781-1786 (2011).

Sun, Q. et al. Neurovascular Units and Neural-Glia Networks in Intracerebral
Hemorrhage: from Mechanisms to Translation. Transl. Stroke Res. 12, 447—460
(2021).

Wilkinson, D. A. et al. Injury mechanisms in acute intracerebral hemorrhage.
Neuropharmacology 134, 240—248 (2018).

Morotti, A. et al. Intracerebral haemorrhage expansion: definitions, predictors,
and prevention. Lancet Neurol. i, 1—12 (2022).

Hemphill, J. C. et al. Guidelines for the Management of Spontaneous
Intracerebral Hemorrhage: A Guideline for Healthcare Professionals from the
American Heart Association/American Stroke Association. Stroke 46, 2032—
2060 (2015).

Xi, G., Keep, R. F. & Hoff, J. T. Mechanisms of brain injury after intracerebral
haemorrhage. Lancet Neurol. 5, 53—-63 (2006).

Butcher, K. S. et al. The intracerebral hemorrhage acutely decreasing arterial
pressure trial. Stroke 44, 620-626 (2013).

Anderson, C. S. et al. Rapid Blood-Pressure Lowering in Patients with Acute
Intracerebral Hemorrhage. N. Engl. J. Med. 368, 2355—2365 (2013).

Zhu, H. et al. Role and mechanisms of cytokines in the secondary brain injury
after intracerebral hemorrhage. Prog. Neurobiol. 178, 101610 (2019).

Jelinek, M., Jurajda, M. & Duris, K. Oxidative stress in the brain: Basic concepts
and treatment strategies in stroke. Antioxidants 10, 1—12 (2021).

Zazulia, A. R., Diringer, M. N., Derdeyn, C. P. & Powers, W. J. Progression of mass
effect after intracerebral hemorrhage. Stroke 30, 1167-1173 (1999).

Kalisvaart, A. C. J. et al. An update to the Monro—Kellie doctrine to reflect tissue
compliance after severe ischemic and hemorrhagic stroke. Sci. Rep. 10, 1-15
(2020).

Sykora, M., Steinmacher, S., Steiner, T., Poli, S. & Diedler, J. Association of
intracranial pressure with outcome in comatose patients with intracerebral
hemorrhage. J. Neurol. Sci. 342, 141—145 (2014).

Wilkinson, C. M., Kung, T. F. C., Jickling, G. C. & Colbourne, F. A translational

258



119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

perspective on intracranial pressure responses following intracerebral
hemorrhage in animal models. Brain Hemorrhages 2, 34—48 (2021).

Kalisvaart, A. C. J., Abrahart, A. H., Coney, A. T., Gu, S. & Colbourne, F.
Intracranial Pressure Dysfunction Following Severe Intracerebral Hemorrhage in
Middle-Aged Rats. Transl. Stroke Res. (2022). doi:10.1007/s12975-022-01102-8
Wilkinson, C. M. et al. Tissue Compliance and Intracranial Pressure Responses to
Large Intracerebral Hemorrhage in Young and Aged Spontaneously Hypertensive
Rats. Hypertension 1—11 (2023). doi:10.1161/hypertensionaha.123.21628

Keep, R. F., Andjelkovic, A. V. & Xi, G. Cytotoxic and Vasogenic Brain Edema.
Prim. Cerebrovasc. Dis. Second Ed. 145—-149 (2017). doi:10.1016/B978-0-12-
803058-5.00029-1

Xi, G. et al. Intracerebral hemorrhage: Pathophysiology and therapy. Neurocrit.
Care 1, 5—-18 (2004).

Nadeau, C. A. et al. Prolonged Blood-Brain Barrier Injury Occurs After
Experimental Intracerebral Hemorrhage and Is Not Acutely Associated with
Additional Bleeding. Transl. Stroke Res. 1—11 (2018). doi:10.1007/s12975-018-
0636-9

Zheng, H., Chen, C., Zhang, J. & Hu, Z. Mechanism and therapy of brain edema
after intracerebral hemorrhage. Cerebrovasc. Dis. 42, 155-169 (2016).
Caliaperumal, J., Brodie, S., Ma, Y. & Colbourne, F. Thrombin Causes Neuronal
Atrophy and Acute but not Chronic Cell Death. Can. J. Neurol. Sci. 41, 714—720
(2014).

Bai, Q. et al. Intracerebral haemorrhage: From clinical settings to animal models.
Stroke Vasc. Neurol. 5, 388—-395 (2020).

Tschoe, C., Bushnell, C. D., Duncan, P. W., Alexander-Miller, M. A. & Wolfe, S. Q.
Neuroinflammation after Intracerebral Hemorrhage and Potential Therapeutic
Targets. J. Stroke 22, 29—46 (2020).

Teng, W., Wang, L., Xue, W. & Guan, C. Activation of TLR4-mediated NFxB
signaling in hemorrhagic brain in rats. Mediators Inflamm. 2009, (2009).
Wang, Y. C. et al. Toll-like receptor 4 antagonist attenuates intracerebral
hemorrhage-induced brain injury. Stroke 44, 2545—2552 (2013).

Lattanzi, S., Di Napoli, M., Ricci, S. & Divani, A. A. Matrix Metalloproteinases in

259



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Acute Intracerebral Hemorrhage. Neurotherapeutics 17, 484—496 (2020).

Liu, L. R., Liu, J. C., Bao, J. S., Bai, Q. Q. & Wang, G. Q. Interaction of Microglia
and Astrocytes in the Neurovascular Unit. Front. Immunol. 11, 1—11 (2020).
Iadecola, C. & Nedergaard, M. Glial regulation of the cerebral microvasculature.
Nat. Neurosci. 10, 1369—1376 (2007).

Liebner, S. et al. Functional morphology of the blood—brain barrier in health and
disease. Acta Neuropathol. 135, 311—336 (2018).

Rasmussen, M. K., Mestre, H. & Nedergaard, M. The glymphatic pathway in
neurological disorders. Lancet Neurol. 17, 1016—1024 (2018).

Anderson, C. M. & Swanson, R. A. Astrocyte glutamate transport: Review of
properties, regulation, and physiological functions. Glia 32, 1—14 (2000).

Junge, C. E. et al. Protease-activated receptor-1 in human brain: Localization and
functional expression in astrocytes. Exp. Neurol. 188, 94—103 (2004).

Sweeney, A. M. et al. PAR1 activation induces rapid changes in glutamate uptake
and astrocyte morphology. Sci. Rep. 7, 1—21 (2017).

Li, L. et al. The Specific Role of Reactive Astrocytes in Stroke. Front. Cell.
Neurosci. 16, (2022).

Sukumari-Ramesh, S., Alleyne, C. H. & Dhandapani, K. M. Astrocyte-specific
expression of survivin after intracerebral hemorrhage in mice: A possible role in
reactive gliosis? J. Neurotrauma 29, 2798—-2804 (2012).

Sukumari-Ramesh, S., Alleyne, C. H. & Dhandapani, K. M. Astrogliosis: A Target
for Intervention in Intracerebral Hemorrhage? Transl. Stroke Res. 3, 80—87
(2012).

McKeon, R. J., Jurynec, M. J. & Buck, C. R. The Chondroitin Sulfate
Proteoglycans Neurocan and Phosphacan Are Expressed by Reactive Astrocytes in
the Chronic CNS Glial Scar. J. Neurosci. 19, 10778—10788 (1999).

Silver, J. & Miller, J. H. Regeneration beyond the glial scar. Nat. Rev. Neurosci. 5,
146—156 (2004).

Wei, Y. et al. Iron toxicity in intracerebral hemorrhage: Physiopathological and
therapeutic implications. Brain Res. Bull. 178, 144—154 (2022).

Xia, F. et al. The Fate of Erythrocytes after Cerebral Hemorrhage. Transl. Stroke
Res. 13, 655—664 (2022).

260



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Holste, K. et al. The role of complement in brain injury following intracerebral
hemorrhage: A review. Exp. Neurol. 340, 113654 (2021).

Dang, G. et al. Early Erythrolysis in the Hematoma After Experimental
Intracerebral Hemorrhage. Transl. Stroke Res. 8, 174—182 (2017).

Liu, J., Zhu, Z. & Leung, G. K. K. Erythrophagocytosis by Microglia/Macrophage
in Intracerebral Hemorrhage: From Mechanisms to Translation. Front. Cell.
Neurosci. 16, 1-13 (2022).

Ni, W., Mao, S., Xi, G., Keep, R. F. & Hua, Y. Role of Erythrocyte CD47 in
Intracerebral Hematoma Clearance. Stroke 47, 505—511 (2016).

Cao, S. et al. Hematoma Changes during Clot Resolution after Experimental
Intracerebral Hemorrhage. Stroke 47, 1626—1631 (2016).

Jing, C. et al. Enhancement of Hematoma Clearance with CD47 Blocking
Antibody in Experimental Intracerebral Hemorrhage. Stroke 50, 1539—1547
(2019).

Tao, C., Keep, R. F., Xi, G. & Hua, Y. CD47 Blocking Antibody Accelerates
Hematoma Clearance After Intracerebral Hemorrhage in Aged Rats. Transl.
Stroke Res. 11, 541—551 (2020).

Ye, F., Hua, Y., Keep, R. F., Xi, G. & Garton, H. J. L. CD47 blocking antibody
accelerates hematoma clearance and alleviates hydrocephalus after experimental
intraventricular hemorrhage. Neurobiol. Dis. 155, 105384 (2021).

Bi, R., Fang, Z., You, M., He, Q. & Hu, B. Microglia Phenotype and Intracerebral
Hemorrhage: A Balance of Yin and Yang. Front. Cell. Neurosci. 15, 1—15 (2021).
Zhao, X. et al. Cleaning up after ICH: the role of Nrf2 in modulating microglia
function and hematoma clearance. J. Neurochem. 133, 144—152 (2015).

Zhao, X. & Aronowski, J. Nrf2 to Pre-condition the Brain Against Injury Caused
by Products of Hemolysis After ICH. Transl. Stroke Res. 4, 71—75 (2013).

Tang, T. et al. Cerebral angiogenesis after collagenase-induced intracerebral
hemorrhage in rats. Brain Res. 1175, 134—142 (2007).

Black, J. E. et al. Learning Causes Synaptogenesis , Whereas Motor Activity
Causes Angiogenesis , in Cerebellar Cortex of Adult Rats and William T .

Greenough Source : Proceedings of the National Academy of Sciences of the

261



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

United States of America , Published by : National A. Proc 87, 5568—5572 (1990).
Swain, R. A. et al. Prolonged exercise induces angiogenesis and increases cerebral
blood volume in primary motor cortex of the rat. Neuroscience 117, 1037—-1046
(2003).

Zheng, Q. et al. Exercise improves recovery after ischemic brain injury by
inducing the expression of angiopoietin-1 and Tie-2 in rats. Tohoku J. Exp. Med.
224, 221—228 (2011).

Tsai, H. H. et al. Functional Investigation of Meningeal Lymphatic System in
Experimental Intracerebral Hemorrhage. Stroke 29, 987-998 (2022).
Wilkinson, D. A., Keep, R. F., Hua, Y. & Xi, G. Hematoma clearance as a
therapeutic target in intracerebral hemorrhage: From macro to micro. J. Cereb.
Blood Flow Metab. 38, 741-745 (2018).

Okauchi, M. et al. Deferoxamine treatment for intracerebral hemorrhage in aged
rats: Therapeutic time window and optimal duration. Stroke 41, 375—382 (2010).
Wu, H., Wu, T., Xu, X., Wang, J. & Wang, J. Iron toxicity in mice with
collagenase-induced intracerebral hemorrhage. J. Cereb. Blood Flow Metab. 31,
1243—1250 (2011).

Warkentin, L. M., Auriat, A. M., Wowk, S. & Colbourne, F. Failure of
deferoxamine, an iron chelator, to improve outcome after collagenase-induced
intracerebral hemorrhage in rats. Brain Res. 1309, 95—103 (2010).

Auriat, A. M. et al. Ferric iron chelation lowers brain iron levels after intracerebral
hemorrhage in rats but does not improve outcome. Exp. Neurol. 234, 136—143
(2012).

Selim, M. et al. Deferoxamine mesylate in patients with intracerebral
haemorrhage (i-DEF): a multicentre, randomised, placebo-controlled, double-
blind phase 2 trial. Lancet Neurol. 18, 428—438 (2019).

Zhao, X. et al. Neutrophil polarization by IL-27 as a therapeutic target for
intracerebral hemorrhage. Nat. Commun. 8, 1—11 (2017).

Zhao, X. et al. Beneficial role of neutrophils through function of lactoferrin after
intracerebral hemorrhage. Stroke 49, 1241—1247 (2018).

Zhao, X. et al. Optimized lactoferrin as a highly promising treatment for

intracerebral hemorrhage: Pre-clinical experience. J. Cereb. Blood Flow Metab.

262



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

41, 53—-66 (2021).

Ren, H. et al. Potential therapeutic targets for intracerebral hemorrhage-
associated inflammation: An update. J. Cereb. Blood Flow Metab. 40, 1752—1768
(2020).

Yew, W. P. et al. Early treatment with minocycline following stroke in rats
improves functional recovery and differentially modifies responses of peri-infarct
microglia and astrocytes. J. Neuroinflammation 16, 1—19 (2019).

Zhao, F., Hua, Y., He, Y., Keep, R. F. & Xi, G. Minocycline-induced attenuation of
iron overload and brain injury after experimental intracerebral hemorrhage.
Stroke 42, 3587—-3593 (2011).

Rolland, W. B. et al. Fingolimod reduces cerebral lymphocyte infiltration in
experimental models of rodent intracerebral hemorrhage. Exp. Neurol. 241, 45—
55 (2013).

Gladstone, D. J. et al. Effect of Recombinant Activated Coagulation Factor VII on
Hemorrhage Expansion among Patients with Spot Sign-Positive Acute
Intracerebral Hemorrhage: The SPOTLIGHT and STOP-IT Randomized Clinical
Trials. JAMA Neurol. 76, 1493—1501 (2019).

Mendelow, A. D. et al. Early surgery versus initial conservative treatment in
patients with spontaneous supratentorial lobar intracerebral haematomas (STICH
IT): A randomised trial. Lancet 382, 397—408 (2013).

Hanley, D. F. et al. Safety and efficacy of minimally invasive surgery plus alteplase
in intracerebral haemorrhage evacuation (MISTIE): a randomised, controlled,
open-label, phase 2 trial. Lancet Neurol. 15, 1228-1237 (2016).

Kobata, H. & Tkeda, N. Recent Updates in Neurosurgical Interventions for
Spontaneous Intracerebral Hemorrhage: Minimally Invasive Surgery to Improve
Surgical Performance. Front. Neurol. 12, 1—9 (2021).

Biernaskie, J., Chernenko, G. & Corbett, D. Efficacy of Rehabilitative Experience
Declines with Time after Focal Ischemic Brain Injury. J. Neurosci. 24, 1245—1254
(2004).

Nudo, R. J. Recovery after brain injury: Mechanisms and principles. Front. Hum.
Neurosci. 7, 1—14 (2013).

Kleim, J. A., Jones, T. A. & Schallert, T. Motor Enrichment and the Induction of

263



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Plasticity before or after Brain Injury. Neurochem. Res. 28, 1757-1769 (2003).
Dromerick, A. W. et al. Critical Period After Stroke Study (CPASS): A phase II
clinical trial testing an optimal time for motor recovery after stroke in humans.
Proc. Natl. Acad. Sci. U. S. A. 118, 2026676118 (2021).

Carmichael, S. T. Cellular and molecular mechanisms of neural repair after stroke:
Making waves. Ann. Neurol. 59, 735—742 (2006).

Carmichael, S. T., Kathirvelu, B., Schweppe, C. A. & Nie, E. H. Molecular, cellular
and functional events in axonal sprouting after stroke. Exp. Neurol. 287, 384—
394 (2017).

Wahl, A.-S. & Schwab, M. E. Finding an optimal rehabilitation paradigm after
stroke: enhancing fiber growth and training of the brain at the right moment.
Front. Hum. Neurosci. 8, (2014).

Kleim, J. A. & Jones, T. A. Principles of Experience-Dependent Neural Plasticity:
Implications for Rehabilitation After Brain Damage. J. Speech, Lang. Hear. Res.
51, 225—239 (2008).

Jacobs, K. M. & Donoghue, J. P. Reshaping the cortical motor map by unmasking
latent intracortical connections. Science (80-. ). 4996, 944—947 (1991).

Palmer, J. A. et al. Role of Interhemispheric Cortical Interactions in Poststroke
Motor Function. Neurorehabil. Neural Repair 33, 762—774 (2019).

Lee, R. G. & Donkelaar, P. Van. Mechanisms Underlying Functional Recovery
Following Stroke. Can. J. Neurol. Sci. / J. Can. des Sci. Neurol. 22, 257-263
(1995).

Vardalaki, D., Chung, K. & Harnett, M. T. Filopodia are a structural substrate for
silent synapses in adult neocortex. Nature 612, (2022).

Hebb, D. O. The Organization of Behavior. (1949).

Bliss, T. V. P. & Gardner-Medwin, A. R. Long-lasting potentiation of synaptic
transmission in the dentate area of the unanaesthetized rabbit following
stimulation of the perforant path. J. Physiol. 232, 357-374 (1973).

Alger, B. E. & Teyler, T. J. Long-term and short-term plasticity in the CA1, CA3,
and dentate regions of the rat hippocampal slice. Brain Res. 110, 463—480 (1976).
Fauth, M. & Tetzlaff, C. Opposing effects of neuronal activity on structural

plasticity. Front. Neuroanat. 10, 1—-18 (2016).

264



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Pekna, M., Pekny, M. & Nilsson, M. Modulation of neural plasticity as a basis for
stroke rehabilitation. Stroke 43, 2819—2828 (2012).

Carmichael, S. T. et al. Growth-associated gene expression after stroke: Evidence
for a growth-promoting region in peri-infarct cortex. Exp. Neurol. 193, 291—311
(2005).

Tsai, S. Y., Papadopoulos, C. M., Schwab, M. E. & Kartje, G. L. Delayed anti-Nogo-
A therapy improves function after chronic stroke in adult rats. Stroke 42, 186-190
(2011).

Lindau, N. T. et al. Rewiring of the corticospinal tract in the adult rat after
unilateral stroke and anti-Nogo-A therapy. Brain 137, 739—756 (2014).

Soleman, S., Yip, P. K., Duricki, D. A. & Moon, L. D. F. Delayed treatment with
chondroitinase ABC promotes sensorimotor recovery and plasticity after stroke in
aged rats. Brain 135, 1210—1223 (2012).

Wiersma, A. M., Fouad, K. & Winship, I. R. Enhancing spinal plasticity amplifies
the benefits of rehabilitative training and improves recovery from stroke. J.
Neurosci. 37, 0770—17 (2017).

Lopez-Valdés, H. E. et al. Memantine Enhances Recovery From Stroke. Stroke 45,
2093—2100 (2014).

Li, X,, Li, F., Ling, L., Li, C. & Zhong, Y. Intranasal administration of nerve growth
factor promotes angiogenesis via activation of PI3K/Akt signaling following
cerebral infarction in rats. Am. J. Transl. Res. 10, 3481—-3492 (2018).

Kumar, A. & Kitago, T. Pharmacological Enhancement of Stroke Recovery. Curr.
Neurol. Neurosci. Rep. 19, (2019).

Sims, S. et al. Brain-Derived Neurotrophic Factor and Nerve Growth Factor
Therapeutics for Brain Injury: The Current Translational Challenges in Preclinical
and Clinical Research. Neural Plast. 2022, 1-15 (2022).

Arai, K., Jin, G., Navaratna, D. & Lo, E. H. Brain angiogenesis in developmental
and pathological processes: Neurovascular injury and angiogenic recovery after
stroke. FEBS J. 276, 4644—4652 (2009).

Williamson, M. R. et al. A window of vascular plasticity coupled to behavioral
recovery after stroke. J. Neurosci. 40, 7651—7667 (2020).

Manoonkitiwongsa, P. S., Jackson-Friedman, C., McMillan, P. J., Schultz, R. L. &

265



207.

208.

209.

210.

211.

212,

213.

214.

215.

216.

217.

218.

Lyden, P. D. Angiogenesis after stroke is correlated with increased numbers of
macrophages: The clean-up hypothesis. J. Cereb. Blood Flow Metab. 21, 1223—
1231 (2001).

Freitas-Andrade, M., Raman-Nair, J. & Lacoste, B. Structural and Functional
Remodeling of the Brain Vasculature Following Stroke. Front. Physiol. 11, (2020).
Ohab, J. J., Fleming, S., Blesch, A. & Carmichael, S. T. A neurovascular niche for
neurogenesis after stroke. J. Neurosci. 26, 13007—13016 (2006).

Zhang, R. L. et al. Stroke increases neural stem cells and angiogenesis in the
neurogenic niche of the adult mouse. PLoS One 9, 1—15 (2014).

Lee, S. R. et al. Involvement of matrix metalloproteinase in neuroblast cell
migration from the subventricular zone after stroke. J. Neurosci. 26, 3491-3495
(2006).

Arvidsson, A., Collin, T., Kirik, D., Kokaia, Z. & Lindvall, O. Neuronal replacement
from endogenous precursors in the adult brain after stroke. Nat. Med. 8, 963—970
(2002).

Ceanga, M., Dahab, M., Witte, O. W. & Keiner, S. Adult Neurogenesis and Stroke:
A Tale of Two Neurogenic Niches. Front. Neurosci. 15, 1-18 (2021).

Bonfanti, L. & Charvet, C. J. Brain plasticity in humans and model systems:
Advances, challenges, and future directions. Int. J. Mol. Sci. 22, (2021).
Wasserman, J. K., Yang, H. & Schlichter, L. C. Glial responses, neuron death and
lesion resolution after intracerebral hemorrhage in young vs. aged rats. Eur. J.
Neurosci. 28, 1316—1328 (2008).

Lawrence, E. S. et al. Estimates of the prevalence of acute stroke impairments and
disability in a multiethnic population. Stroke 32, 1279—1284 (2001).

Wolfe, C. D. A. et al. Estimates of Outcomes Up to Ten Years after Stroke: Analysis
from the Prospective South London Stroke Register. PLoS Med. 8, (2011).
Winstein, C. J. et al. Guidelines for Adult Stroke Rehabilitation and Recovery: A
Guideline for Healthcare Professionals from the American Heart
Association/American Stroke Association. Stroke 47, (2016).

Teasell R, Cotoi A, Chow J, Wiener J, Iliescu A, Hussein N, S. K. The Stroke
Rehabilitation Evidence-Based Review: 18th edition. Canadian Stroke Network
(2018).

266



219.

220.

221.

222,

223,

224.

225.

226.

227,

228.

229.

Kozlowski, D. A., James, D. C. & Schallert, T. Use-Dependent Exaggeration of
Neuronal Injury after Unilateral Sensorimotor Cortex Lesions. J. Neurosci. 16,
4776-4786 (1996).

DeBow, S. B., McKenna, J. E., Kolb, B. & Colbourne, F. Immediate constraint-
induced movement therapy causes local hyperthermia that exacerbates cerebral
cortical injury in rats. Can. J. Physiol. Pharmacol. 82, 231—237 (2004).
Dromerick, A. W. et al. Very early constraint-induced movement during stroke
rehabilitation (VECTORS): A single-center RCT. Neurology 73, 195—201 (2009).
Bernhardt, J. Efficacy and safety of very early mobilisation within 24 h of stroke
onset (AVERT): a randomised controlled trial. Lancet 386, 46—55 (2015).

Page, S. J., Schmid, A. & Harris, J. E. Optimizing terminology for stroke motor
rehabilitation: Recommendations from the american congress of rehabilitation
medicine stroke movement interventions subcommittee. Arch. Phys. Med.
Rehabil. 93, 1395-1399 (2012).

Fedor, B. A. et al. Motor Rehabilitation Provides Modest Functional Benefits After
Intracerebral Hemorrhage: a Systematic Review and Meta-Analysis of
Translational Rehabilitation Studies. Transl. Stroke Res. (2023).
doi:10.1007/512975-023-01205-W

Dalton, E. J. et al. Early-phase dose articulation trials are underutilized for post-
stroke motor recovery: A systematic scoping review. Ann. Phys. Rehabil. Med. 65,
101487 (2022).

DeBow, S. B., Davies, M. L. A., Clarke, H. L. & Colbourne, F. Constraint-Induced
Movement Therapy and Rehabilitation Exercises Lessen Motor Deficits and
Volume of Brain Injury After Striatal Hemorrhagic Stroke in Rats. Stroke 34,
1021-1026 (2003).

MacLellan, C. L., Grams, J., Adams, K. & Colbourne, F. Combined use of a
cytoprotectant and rehabilitation therapy after severe intracerebral hemorrhage in
rats. Brain Res. 1063, 40—47 (2005).

Ishida, A. et al. Early onset of forced impaired forelimb use causes recovery of
forelimb skilled motor function but no effect on gross sensory-motor function
after capsular hemorrhage in rats. Behav. Brain Res. 225, 126—134 (2011).
Auriat, A. M., Grams, J. D., Yan, R. H. & Colbourne, F. Forced exercise does not

267



230.

231.

232.

233.

234.

235.

236.

237.

238.

230.

240.

improve recovery after hemorrhagic stroke in rats. Brain Res. 1109, 183—-191
(2006).

Park, J.-W. et al. Early treadmill training promotes motor function after
hemorrhagic stroke in rats. Neurosci. Lett. 471, 104—108 (2010).

Takamatsu, Y., Tamakoshi, K., Waseda, Y. & Ishida, K. Running exercise enhances
motor functional recovery with inhibition of dendritic regression in the motor
cortex after collagenase-induced intracerebral hemorrhage in rats. Behav. Brain
Res. 300, 56—64 (2016).

Tamakoshi, K., Ishida, K., Hayao, K., Takahashi, H. & Tamaki, H. Behavioral
Effect of Short- and Long-Term Exercise on Motor Functional Recovery after
Intracerebral Hemorrhage in Rats. J. Stroke Cerebrovasc. Dis. 27, 3630—3635
(2018).

Sato, C. et al. Effects of voluntary and forced exercises on motor function recovery
in intracerebral hemorrhage rats. Neuroreport 31, 189—196 (2020).

Tamakoshi, K., Hayao, K. & Takahashi, H. Early Exercise after Intracerebral
Hemorrhage Inhibits Inflammation and Promotes Neuroprotection in the
Sensorimotor Cortex in Rats. Neuroscience 438, 86—99 (2020).

Xu, Y. et al. Rehabilitation Effects of Fatigue-Controlled Treadmill Training After
Stroke: A Rat Model Study. Front. Bioeng. Biotechnol. 8, 1—17 (2020).
MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Fedor, B. A. et al. Early, Intense Rehabilitation Fails to Improve Outcome After
Intra-Striatal Hemorrhage in Rats. Neurorehabil. Neural Repair 36, 788—799
(2022).

Krakauer, J. W., Carmichael, S. T., Corbett, D. & Wittenberg, G. F. Getting
Neurorehabilitation Right. Neurorehabil. Neural Repair 26, 923—931 (2012).
Johansson, B. B. & Ohlsson, A.-L. Environment, Social Interaction, and Physical
Activity as Determinants of Functional Outcome after Cerebral Infarction in the
Rat. Exp. Neurol. 139, 322—327 (1996).

Kolb, B. & Gibb, R. Environmental enrichment and cortical injury: Behavioral and

anatomical consequences of frontal cortex lesions. Cereb. Cortex 1, 189—198

268



241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

(1991).

Auriat, A. & Colbourne, F. Influence of amphetamine on recovery after
intracerebral hemorrhage in rats. Behav. Brain Res. 186, 222—229 (2008).
Nguyen, A. P., Arvanitidis, A. P. & Colbourne, F. Failure of estradiol to improve
spontaneous or rehabilitation-facilitated recovery after hemorrhagic stroke in
rats. Brain Res. 1193, 109—119 (2008).

Montoya, C. P., Campbell-Hope, L. J., Pemberton, K. D. & Dunnett, S. B. The
“staircase test”: a measure of independent forelimb reaching and grasping abilities
in rats. J. Neurosci. Methods 36, 219—228 (1991).

Whishaw, I. Q. Loss of the innate cortical engram for action patterns used in
skilled reaching and the development of behavioral compensation following motor
cortex lesions in the rat. Neuropharmacology 39, 788—805 (2000).

Taub, E. & Morris, D. M. Constraint-induced movement therapy to enhance
recovery after stroke. Curr. Atheroscler. Rep. 3, 279—286 (2001).

Ishida, A. et al. Early constraint-induced movement therapy promotes functional
recovery and neuronal plasticity in a subcortical hemorrhage model rat. Behav.
Brain Res. 284, 158—166 (2015).

Ishida, A. et al. Causal Link between the Cortico-Rubral Pathway and Functional
Recovery through Forced Impaired Limb Use in Rats with Stroke. J. Neurosci. 36,
455—-467 (2016).

Ishida, A. et al. Dynamic Interaction between Cortico-Brainstem Pathways during
Training-Induced Recovery in Stroke Model Rats. J. Neurosci. 39, 7306—7320
(2019).

Takamatsu, Y. et al. Treadmill running improves motor function and alters
dendritic morphology in the striatum after collagenase-induced intracerebral
hemorrhage in rats. Brain Res. 1355, 165—173 (2010).

Austin, M. W., Ploughman, M., Glynn, L. & Corbett, D. Aerobic exercise effects on
neuroprotection and brain repair following stroke: A systematic review and
perspective. Neurosci. Res. 87, 8—15 (2014).

Biernaskie, J. & Corbett, D. Enriched Rehabilitative Training Promotes Improved
Forelimb Motor Function and Enhanced Dendritic Growth after Focal Ischemic

Injury. J. Neurosci. 21, 5272—5280 (2001).

269



252,

253.

254.

255.

256.

257.

258.

250.

260.

261.

Auriat, A. M. & Colbourne, F. Delayed rehabilitation lessens brain injury and
improves recovery after intracerebral hemorrhage in rats. Brain Res. 1251, 262—
268 (2009).

Auriat, A. M., Wowk, S. & Colbourne, F. Rehabilitation after intracerebral
hemorrhage in rats improves recovery with enhanced dendritic complexity but no
effect on cell proliferation. Behav. Brain Res. 214, 42—47 (2010).

Caliaperumal, J. & Colbourne, F. Rehabilitation Improves Behavioral Recovery
and Lessens Cell Death Without Affecting Iron, Ferritin, Transferrin, or
Inflammation After Intracerebral Hemorrhage in Rats. Neurorehabil. Neural
Repair 28, 395-404 (2014).

MacLellan, C. L., Plummer, N., Silasi, G., Auriat, A. M. & Colbourne, F.
Rehabilitation Promotes Recovery After Whole Blood—Induced Intracerebral
Hemorrhage in Rats. Neurorehabil. Neural Repair 25, 477—483 (2011).
Williamson, M. R. et al. Rehabilitation augments hematoma clearance and
attenuates oxidative injury and ion dyshomeostasis after brain hemorrhage.
Stroke 48, 195—203 (2017).

Tamakoshi, K. et al. Motor skills training promotes motor functional recovery and
induces synaptogenesis in the motor cortex and striatum after intracerebral
hemorrhage in rats. Behav. Brain Res. 260, 34—43 (2014).

Tamakoshi, K., Kawanaka, K., Onishi, H., Takamatsu, Y. & Ishida, K. Motor Skills
Training Improves Sensorimotor Dysfunction and Increases Microtubule-
Associated Protein 2 mRNA Expression in Rats with Intracerebral Hemorrhage. J.
Stroke Cerebrovasc. Dis. 25, 2071-2077 (2016).

Tamakoshi, K., Ishida, K., Kawanaka, K., Takamatsu, Y. & Tamaki, H. Motor Skills
Training Enhances a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid
Receptor Subunit mRNA Expression in the Ipsilateral Sensorimotor Cortex and
Striatum of Rats Following Intracerebral Hemorrhage. J. Stroke Cerebrovasc. Dis.
26, 2232—2239 (2017).

Seyhan, A. A. Lost in translation: the valley of death across preclinical and clinical
divide — identification of problems and overcoming obstacles. Transl. Med.
Commun. 4, 1—19 (2019).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—

270



262.

263.

264.

265.

266.

267.

268.

2609.

270.

271.

279,

126 (2015).

Avidan, M. S., Ioannidis, J. P. A. & Mashour, G. A. Independent discussion
sections for improving inferential reproducibility in published research. Br. J.
Anaesth. 122, 413—420 (2019).

Corbett, D. et al. Enhancing the Alignment of the Preclinical and Clinical Stroke
Recovery Research Pipeline: Consensus-Based Core Recommendations From the
Stroke Recovery and Rehabilitation Roundtable Translational Working Group.
Neurorehabil. Neural Repair 31, 699—707 (2017).

Haque, M. E. et al. Longitudinal, Quantitative, Multimodal MRI Evaluation of
Patients With Intracerebral Hemorrhage Over the First Year. Front. Neurol. 12,
1—-11 (2021).

Fujino, Y. et al. Examination of Rehabilitation Intensity According to Severity of
Acute Stroke: A Retrospective Study. J. Stroke Cerebrovasc. Dis. 30, 105994
(2021).

Balkaya, M. G., Trueman, R. C., Boltze, J., Corbett, D. & Jolkkonen, J. Behavioral
outcome measures to improve experimental stroke research. Behav. Brain Res.
352, 161—171 (2018).

MaclLellan, C. L. et al. Gauging recovery after hemorrhagic stroke in rats:
Implications for cytoprotection studies. J. Cereb. Blood Flow Metab. 26, 1031—
1042 (2006).

Crossley, N. A. et al. Empirical evidence of bias in the design of experimental
stroke studies: A metaepidemiologic approach. Stroke 39, 929—934 (2008).
Button, K. S. et al. Power failure: why small sample size undermines the reliability
of neuroscience. Nat. Rev. Neurosci. 14, 365—376 (2013).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal
research: Reporting in vivo experiments: The ARRIVE guidelines. Br. J.
Pharmacol. 160, 1577-1579 (2010).

Saver, J. L., Albers, G. W., Dunn, B., Johnston, K. C. & Fisher, M. Stroke Therapy
Academic Industry Roundtable (STAIR) Recommendations for Extended Window
Acute Stroke Therapy Trials. Stroke 40, 2594—2600 (2009).

Lapchak, P. A., Zhang, J. H. & Noble-Haeusslein, L. J. RIGOR Guidelines:
Escalating STAIR and STEPS for Effective Translational Research. Transl. Stroke

271



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

Res. 4, 279—285 (2013).

Sena, E. S., Bart van der Worp, H., Bath, P. M. W., Howells, D. W. & Macleod, M.
R. Publication bias in reports of animal stroke studies leads to major
overstatement of efficacy. PLoS Biol. 8, (2010).

Simonsohn, U., Nelson, L. D. & Simmons, J. P. P-curve: A key to the file-drawer.
J. Exp. Psychol. Gen. 143, 534—547 (2014).

Hooijmans, C. R., IntHout, J., Ritskes-Hoitinga, M. & Rovers, M. M. Meta-
Analyses of Animal Studies: An Introduction of a Valuable Instrument to Further
Improve Healthcare. ILAR J. 55, 418—426 (2014).

Howells, D. W., Sena, E. S. & Macleod, M. R. Bringing rigour to translational
medicine. Nat. Rev. Neurol. 10, 37—43 (2014).

Savage, W. M. & Harel, N. Y. Reaching a Tipping Point for Neurorehabilitation
Research: Obstacles and Opportunities in Trial Design, Description, and Pooled
Analysis. Neurorehabil. Neural Repair (2022). d0i:10.1177/15459683221124112
Calin-Jageman, R. J. et al. Novel Tools and Methods Estimation for Better
Inference in Neuroscience Significance Statement. eNeuro 6, 205—224 (2019).
Lyden, P. D. et al. The Stroke Preclinical Assessment Network: Rationale, Design,
Feasibility, and Stage 1 Results. Stroke 53, 1802—-1812 (2022).

Shi, X. et al. Stroke subtype-dependent synapse elimination by reactive gliosis in
mice. Nat. Commun. 12, 1—19 (2021).

Cait, J., Cait, A., Scott, R. W., Winder, C. B. & Mason, G. J. Conventional
laboratory housing increases morbidity and mortality in research rodents: results
of a meta-analysis. BMC Biol. 20, 15 (2022).

Ward, N. S. & Carmichael, S. T. Blowing up Neural Repair for Stroke Recovery:
Preclinical and Clinical Trial Considerations. Stroke 3169—3173 (2020).
doi:10.1161/STROKEAHA.120.030486

Cramer, S. C. et al. Stroke Recovery and Rehabilitation Research: Issues,
Opportunities, and the National Institutes of Health StrokeNet. Stroke 48, 813—
819 (2017).

Feng, W. et al. Corticospinal tract lesion load: An imaging biomarker for stroke
motor outcomes. Ann. Neurol. 78, (2015).

Goldsmith, J. et al. Arguments for the biological and predictive relevance of the

272



proportional recovery rule. Elife 11, 1—23 (2022).

286. Bo Nielsen, J., Willerslev-Olsen, M., Christiansen, L., Lundbye-Jensen, J. &
Lorentzen, J. Science-based neurorehabilitation: Recommendations for
neurorehabilitation from basic science. J. Mot. Behav. 47, 7—-17 (2015).

287. Jones, T. A. Motor compensation and its effects on neural reorganization after
stroke. Nat. Rev. Neurosci. 18, 267—-280 (2017).

288. Maclellan, C. L., Langdon, K. D., Botsford, A., Butt, S. & Corbett, D. A model of
persistent learned nonuse following focal ischemia in rats. Neurorehabil. Neural
Repair 27, 900—907 (2013).

289. Schmidt, A. et al. Meta-analysis of the Efficacy of Different Training Strategies in
Animal Models of Ischemic Stroke. Stroke 45, 239—247 (2014).

290. Ploughman, M., Austin, M. W., Glynn, L. & Corbett, D. The Effects of Poststroke
Aerobic Exercise on Neuroplasticity: A Systematic Review of Animal and Clinical
Studies. Transl. Stroke Res. 6, 13—28 (2015).

291. Winters, C., van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Proportional Recovery Model for the Upper Extremity After an Ischemic
Stroke. Neurorehabil. Neural Repair 29, 614—622 (2015).

292. Winters, C., Van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Maximum Proportional Recovery Rule to Visuospatial Neglect Early
Poststroke. Neurorehabil. Neural Repair 31, 334—342 (2017).

293. Veerbeek, J. M., Winters, C., van Wegen, E. E. H. & Kwakkel, G. Is the
proportional recovery rule applicable to the lower limb after a first-ever ischemic
stroke? PLoS One 13, 1—13 (2018).

294. Perna, R. & Temple, J. Rehabilitation Outcomes: Ischemic versus Hemorrhagic
Strokes. Behav. Neurol. 2015, (2015).

295. QOosterveer, D. M., Wermer, M. J. H., Volker, G. & Vlieland, T. P. M. V. Are There
Differences in Long-Term Functioning and Recovery Between Hemorrhagic and
Ischemic Stroke Patients Receiving Rehabilitation? J. Stroke Cerebrovasc. Dis.
31, (2022).

296. Katrak, P. H., Black, D. & Peeva, V. Do Stroke Patients With Intracerebral
Hemorrhage Have a Better Functional Outcome Than Patients With Cerebral

Infarction? PM R 1, 427-433 (2009).

273



Chapter 2

1.

10.

11.

12.

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Nguyen, A. P., Huynh, H. D., Sjovold, S. B. & Colbourne, F. Progressive brain
damage and alterations in dendritic arborization after collagenase-induced
intracerebral hemorrhage in rats. Curr. Neurovasc. Res. 5, 171—177 (2008).
MacLellan, C. L. et al. Gauging recovery after hemorrhagic stroke in rats:
Implications for cytoprotection studies. J. Cereb. Blood Flow Metab. 26, 1031—
1042 (2006).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
Xi, G., Keep, R. F. & Hoff, J. T. Mechanisms of brain injury after intracerebral
haemorrhage. Lancet Neurol. 5, 53—-63 (2006).

Caliaperumal, J., Ma, Y. & Colbourne, F. Intra-parenchymal ferrous iron infusion
causes neuronal atrophy, cell death and progressive tissue loss: Implications for
intracerebral hemorrhage. Exp. Neurol. 237, 363—369 (2012).

Kitago, T. & Ratan, R. R. Rehabilitation following hemorrhagic stroke: building
the case for stroke-subtype specific recovery therapies. F1oo0Research 6, 2044
(2017).

Mestriner, R. G. et al. Behavior outcome after ischemic and hemorrhagic stroke,
with similar brain damage, in rats. Behav. Brain Res. 244, 82—89 (2013).

Kelly, P. J. et al. Functional recovery following rehabilitation after hemorrhagic
and ischemic stroke. Arch. Phys. Med. Rehabil. 84, 968—972 (2003).

Paolucci, S. et al. Functional Outcome of Ischemic and Hemorrhagic Stroke
Patients after Inpatient Rehabilitation: A Matched Comparison. Stroke 34, 2861—
2865 (2003).

Oosterveer, D. M., Wermer, M. J. H., Volker, G. & Vlieland, T. P. M. V. Are There
Differences in Long-Term Functioning and Recovery Between Hemorrhagic and
Ischemic Stroke Patients Receiving Rehabilitation? J. Stroke Cerebrovasc. Dis.
31, (2022).

DeBow, S. B., Davies, M. L. A., Clarke, H. L. & Colbourne, F. Constraint-Induced

274



13.

14.

15.

16.

17.

18.

19.

20.

21.

Movement Therapy and Rehabilitation Exercises Lessen Motor Deficits and
Volume of Brain Injury After Striatal Hemorrhagic Stroke in Rats. Stroke 34,
1021-1026 (2003).

MacLellan, C. L., Plummer, N., Silasi, G., Auriat, A. M. & Colbourne, F.
Rehabilitation Promotes Recovery After Whole Blood—Induced Intracerebral
Hemorrhage in Rats. Neurorehabil. Neural Repair 25, 477—483 (2011).

Lee, H. H. et al. Early treadmill exercise decreases intrastriatal hemorrhage-
induced neuronal cell death and increases cell proliferation in the dentate gyrus of
streptozotocin-induced hyperglycemic rats. J. Diabetes Complications 19, 339—
346 (2005).

Tamakoshi, K., Ishida, K., Hayao, K., Takahashi, H. & Tamaki, H. Behavioral
Effect of Short- and Long-Term Exercise on Motor Functional Recovery after
Intracerebral Hemorrhage in Rats. J. Stroke Cerebrovasc. Dis. 27, 3630—3635
(2018).

Takamatsu, Y. et al. Treadmill running improves motor function and alters
dendritic morphology in the striatum after collagenase-induced intracerebral
hemorrhage in rats. Brain Res. 1355, 165—173 (2010).

Mestriner, R. G., Pagnussat, A. S., Boisserand, L. S. B., Valentim, L. & Netto, C. A.
Skilled reaching training promotes astroglial changes and facilitated sensorimotor
recovery after collagenase-induced intracerebral hemorrhage. Exp. Neurol. 227,
53—61 (2011).

Kleim, J. A. & Jones, T. A. Principles of Experience-Dependent Neural Plasticity:
Implications for Rehabilitation After Brain Damage. J. Speech, Lang. Hear. Res.
51, 225-239 (2008).

Chen, J., Qin, J., Su, Q., Liu, Z. & Yang, J. Treadmill rehabilitation treatment
enhanced BDNF-TrkB but not NGF-TrkA signaling in a mouse intracerebral
hemorrhage model. Neurosci. Lett. 529, 28—32 (2012).

Auriat, A. M., Wowk, S. & Colbourne, F. Rehabilitation after intracerebral
hemorrhage in rats improves recovery with enhanced dendritic complexity but no
effect on cell proliferation. Behav. Brain Res. 214, 42—47 (2010).

Tamakoshi, K. et al. Motor skills training promotes motor functional recovery and

induces synaptogenesis in the motor cortex and striatum after intracerebral

275



22.

23.

24.

25.

26.

27,

28.

29.

30.

31.

32,

hemorrhage in rats. Behav. Brain Res. 260, 34—43 (2014).

Zhao, C., Wang, J., Zhao, S. & Nie, Y. Constraint-induced movement therapy
enhanced neurogenesis and behavioral recovery after stroke in adult rats. Tohoku
J. Exp. Med. 218, 301-308 (2009).

Auriat, A. M., Grams, J. D., Yan, R. H. & Colbourne, F. Forced exercise does not
improve recovery after hemorrhagic stroke in rats. Brain Res. 1109, 183—-191
(2006).

Biernaskie, J. & Corbett, D. Enriched Rehabilitative Training Promotes Improved
Forelimb Motor Function and Enhanced Dendritic Growth after Focal Ischemic
Injury. J. Neurosci. 21, 5272—5280 (2001).

Auriat, A. M. & Colbourne, F. Delayed rehabilitation lessens brain injury and
improves recovery after intracerebral hemorrhage in rats. Brain Res. 1251, 262—
268 (2009).

Biernaskie, J., Chernenko, G. & Corbett, D. Efficacy of Rehabilitative Experience
Declines with Time after Focal Ischemic Brain Injury. J. Neurosci. 24, 1245—1254
(2004).

MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Joy, M. T. & Carmichael, S. T. Encouraging an excitable brain state: mechanisms
of brain repair in stroke. Nat. Rev. Neurosci. 22, 38—53 (2021).

Williamson, M. R. et al. Rehabilitation augments hematoma clearance and
attenuates oxidative injury and ion dyshomeostasis after brain hemorrhage.
Stroke 48, 195—203 (2017).

Li, Q. et al. Neuroprotection of brain-permeable iron chelator VK-28 against
intracerebral hemorrhage in mice. J. Cereb. Blood Flow Metab. 37, 3110—3123
(2017).

Zhao, F., Hua, Y., He, Y., Keep, R. F. & Xi, G. Minocycline-induced attenuation of
iron overload and brain injury after experimental intracerebral hemorrhage.
Stroke 42, 3587—3593 (2011).

Hanley, D. F. et al. Safety and efficacy of minimally invasive surgery plus alteplase

in intracerebral haemorrhage evacuation (MISTIE): a randomised, controlled,

276



33-

34.

35-

36.

37

38.

39-

40.

41.

42.

43.

44.

open-label, phase 2 trial. Lancet Neurol. 15, 1228—-1237 (2016).

Mendelow, A. D. et al. Early surgery versus initial conservative treatment in
patients with spontaneous supratentorial lobar intracerebral haematomas (STICH
IT): A randomised trial. Lancet 382, 397—408 (2013).

Wilkinson, D. A., Keep, R. F., Hua, Y. & Xi, G. Hematoma clearance as a
therapeutic target in intracerebral hemorrhage: From macro to micro. J. Cereb.
Blood Flow Metab. 38, 741-745 (2018).

Zhao, X. et al. Neutrophil polarization by IL-27 as a therapeutic target for
intracerebral hemorrhage. Nat. Commun. 8, 1—11 (2017).

Zhao, X. et al. Beneficial role of neutrophils through function of lactoferrin after
intracerebral hemorrhage. Stroke 49, 1241-1247 (2018).

Zhao, X. et al. Optimized lactoferrin as a highly promising treatment for
intracerebral hemorrhage: Pre-clinical experience. J. Cereb. Blood Flow Metab.
41, 53—66 (2021).

Liddle, L. J., Ralhan, S., Ward, D. L. & Colbourne, F. Translational Intracerebral
Hemorrhage Research: Has Current Neuroprotection Research ARRIVEd at a
Standard for Experimental Design and Reporting? Transl. Stroke Res. 11, 1203—
1213 (2020).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—
126 (2015).

Elijovich, L., Patel, P. V. & Hemphill, J. C. Intracerebral hemorrhage. Semin.
Neurol. 28, 657—667 (2008).

Bai, Q. et al. Intracerebral haemorrhage: From clinical settings to animal models.
Stroke Vasc. Neurol. 5, 388—-395 (2020).

Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration
for the ARRIVE guidelines 2.0. PLOS Biol. 18, €3000411 (2020).

Montoya, C. P., Campbell-Hope, L. J., Pemberton, K. D. & Dunnett, S. B. The
“staircase test”: a measure of independent forelimb reaching and grasping abilities
in rats. J. Neurosci. Methods 36, 219—228 (1991).

Liddle, L. et al. Poly-arginine-18 peptides do not exacerbate bleeding, or improve
functional outcomes following collagenase-induced intracerebral hemorrhage in

the rat. PLoS One 14, 1—19 (2019).

277



45.

46.

47.

48.

49.

50.

51.

52.

53-

54.

55-

56.

Wilkinson, C. M. et al. Failure of bumetanide to improve outcome after
intracerebral hemorrhage in rat. PLoS One 14, 1—20 (2019).

Rosenberg, G. A., Mun-Bryce, S., Wesley, M. & Komfeld, M. Collagenase-induced
intracerebral hemorrhage in rats. Stroke 21, 801—807 (1990).

Paxinos, G. & Watson, C. The Rat Brain in Stereotaxic Coordinates. (Elsevier
Academic Press, 2014). doi:https://doi.org/10.1016/B978-0-12-547620-1.50008-
4

Choudhri, T. F., Hoh, B. L., Solomon, R. A., Connolly Jr, E. S. & Pinsky, D. J. Use
of a spectrophotometric hemoglobin assay to objectively quantify intracerebral
hemorrhage in mice. Stroke 28, 2296—2302 (1997).

Kalisvaart, A. C. J. et al. An update to the Monro—Kellie doctrine to reflect tissue
compliance after severe ischemic and hemorrhagic stroke. Sci. Rep. 10, 1—15
(2020).

Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis.
Nat. Methods 9, 676—682 (2012).

Papp, E. A,, Leergaard, T. B., Calabrese, E., Johnson, G. A. & Bjaalie, J. G.
Waxholm Space atlas of the Sprague Dawley rat brain. Neuroimage 97, 374—386
(2014).

Caliaperumal, J. & Colbourne, F. Rehabilitation Improves Behavioral Recovery
and Lessens Cell Death Without Affecting Iron, Ferritin, Transferrin, or
Inflammation After Intracerebral Hemorrhage in Rats. Neurorehabil. Neural
Repair 28, 395404 (2014).

McDonald, M. W., Hayward, K. S., Rosbergen, I. C. M., Jeffers, M. S. & Corbett, D.
Is environmental enrichment ready for clinical application in human post-stroke
rehabilitation? Front. Behav. Neurosci. 12, 1—16 (2018).

Lee, H. H. et al. Treadmill exercise decreases intrastriatal hemorrhage-induced
neuronal cell death via suppression on caspase-3 expression in rats. Neurosci.
Lett. 352, 33—36 (2003).

Auriat, A. & Colbourne, F. Influence of amphetamine on recovery after
intracerebral hemorrhage in rats. Behav. Brain Res. 186, 222—229 (2008).
Nguyen, A. P., Arvanitidis, A. P. & Colbourne, F. Failure of estradiol to improve

spontaneous or rehabilitation-facilitated recovery after hemorrhagic stroke in

278



57-

58.

59.

60.

rats. Brain Res. 1193, 109—119 (2008).

Hemphill, J. C. et al. Guidelines for the Management of Spontaneous
Intracerebral Hemorrhage: A Guideline for Healthcare Professionals from the
American Heart Association/American Stroke Association. Stroke 46, 2032—
2060 (2015).

Bernhardt, J. Efficacy and safety of very early mobilisation within 24 h of stroke
onset (AVERT): a randomised controlled trial. Lancet 386, 46—55 (2015).
Bernhardt, J. et al. Prespecified dose-response analysis for A Very Early
Rehabilitation Trial (AVERT). Neurology 86, 2138—2145 (2016).

Usui, T., Macleod, M. R., McCann, S. K., Senior, A. M. & Nakagawa, S. Meta-
analysis of variation suggests that embracing variability improves both
replicability and generalizability in preclinical research. PLoS Biol. 19, 1—20

(2021).

279



Chapter 3

1.

10.

11.

Avan, A. et al. Socioeconomic status and stroke incidence, prevalence, mortality,
and worldwide burden: an ecological analysis from the Global Burden of Disease
Study 2017. BMC Med. 17, 191 (2019).

Morovatdar, N. et al. Secular trends of ischaemic heart disease, stroke, and
dementia in high-income countries from 1990 to 2017: the Global Burden of
Disease Study 2017. Neurol. Sci. 43, 255—264 (2022).

Feigin, V. L. et al. Update on the Global Burden of Ischemic and Hemorrhagic
Stroke in 1990-2013: The GBD 2013 Study. Neuroepidemiology 45, 161—176
(2015).

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Hong, K.-S. & Saver, J. L. Years of Disability-Adjusted Life Gained as a Result of
Thrombolytic Therapy for Acute Ischemic Stroke. Stroke 41, 471—477 (2010).
Haupenthal, D. et al. Disability-Adjusted Life-Years Associated with Intracerebral
Hemorrhage and Secondary Injury. JAMA Netw. Open 4, 1-10 (2021).

Donkor, E. S. Stroke in the 21st Century: A Snapshot of the Burden, Epidemiology,
and Quality of Life. Stroke Res. Treat. 2018, 1—10 (2018).

Wingfield, M. et al. Upper-Limb Motor Intervention Elements That Drive
Improvement in Biomarkers and Clinical Measures Post-Stroke: A Systematic
Review in a Systems Paradigm. Neurorehabil. Neural Repair 36, 726—739
(2022).

Kleim, J. A. & Jones, T. A. Principles of Experience-Dependent Neural Plasticity:
Implications for Rehabilitation After Brain Damage. J. Speech, Lang. Hear. Res.
51, 225—-239 (2008).

Johansson, B. B. & Ohlsson, A.-L. Environment, Social Interaction, and Physical
Activity as Determinants of Functional Outcome after Cerebral Infarction in the
Rat. Exp. Neurol. 139, 322—327 (1996).

Montoya, C. P., Campbell-Hope, L. J., Pemberton, K. D. & Dunnett, S. B. The
“staircase test”: a measure of independent forelimb reaching and grasping abilities

in rats. J. Neurosci. Methods 36, 219—228 (1991).

280



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Whishaw, I. Q. Loss of the innate cortical engram for action patterns used in
skilled reaching and the development of behavioral compensation following motor
cortex lesions in the rat. Neuropharmacology 39, 788—805 (2000).

Taub, E. & Morris, D. M. Constraint-induced movement therapy to enhance
recovery after stroke. Curr. Atheroscler. Rep. 3, 279—286 (2001).

Biernaskie, J. & Corbett, D. Enriched Rehabilitative Training Promotes Improved
Forelimb Motor Function and Enhanced Dendritic Growth after Focal Ischemic
Injury. J. Neurosci. 21, 5272—5280 (2001).

Tamakoshi, K. et al. Motor skills training promotes motor functional recovery and
induces synaptogenesis in the motor cortex and striatum after intracerebral
hemorrhage in rats. Behav. Brain Res. 260, 34—43 (2014).

Teasell, R. et al. Canadian Stroke Best Practice Recommendations: Rehabilitation,
Recovery, and Community Participation following Stroke. Part One:
Rehabilitation and Recovery Following Stroke; 6th Edition Update 2019. Int. J.
Stroke 15, 763—788 (2020).

Anaya, M. A. & Branscheidt, M. Neurorehabilitation After Stroke. Stroke 50, 64—
71 (2019).

Corbett, D. et al. Enhancing the Alignment of the Preclinical and Clinical Stroke
Recovery Research Pipeline: Consensus-Based Core Recommendations From the
Stroke Recovery and Rehabilitation Roundtable Translational Working Group.
Neurorehabil. Neural Repair 31, 699—707 (2017).

Biernaskie, J., Chernenko, G. & Corbett, D. Efficacy of Rehabilitative Experience
Declines with Time after Focal Ischemic Brain Injury. J. Neurosci. 24, 1245—1254
(2004).

Dromerick, A. W. et al. Critical Period After Stroke Study (CPASS): A phase II
clinical trial testing an optimal time for motor recovery after stroke in humans.
Proc. Natl. Acad. Sci. U. S. A. 118, e2026676118 (2021).

Kozlowski, D. A., James, D. C. & Schallert, T. Use-Dependent Exaggeration of
Neuronal Injury after Unilateral Sensorimotor Cortex Lesions. J. Neurosci. 16,
4776-4786 (1996).

DeBow, S. B., McKenna, J. E., Kolb, B. & Colbourne, F. Immediate constraint-

induced movement therapy causes local hyperthermia that exacerbates cerebral

281



23.

24.

25.

26.

27,

28.

29.

30.

31.

32,

33-

34.

cortical injury in rats. Can. J. Physiol. Pharmacol. 82, 231—237 (2004).
MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Ploughman, M., Austin, M. W., Glynn, L. & Corbett, D. The Effects of Poststroke
Aerobic Exercise on Neuroplasticity: A Systematic Review of Animal and Clinical
Studies. Transl. Stroke Res. 6, 13—28 (2015).

Austin, M. W., Ploughman, M., Glynn, L. & Corbett, D. Aerobic exercise effects on
neuroprotection and brain repair following stroke: A systematic review and
perspective. Neurosci. Res. 87, 8—15 (2014).

Schmidt, A. et al. Meta-analysis of the Efficacy of Different Training Strategies in
Animal Models of Ischemic Stroke. Stroke 45, 239—247 (2014).

Liddle, L. J., Dirks, C. A., Almekhlafi, M. & Colbourne, F. An Ambiguous Role for
Fever in Worsening Outcome After Intracerebral Hemorrhage. Transl. Stroke Res.
14, 123-136 (2023).

Kitago, T. & Ratan, R. R. Rehabilitation following hemorrhagic stroke: building
the case for stroke-subtype specific recovery therapies. F1000Research 6, 2044
(2017).

Selim, M. et al. Recommendations for Clinical Trials in ICH. Stroke 51, 1333—
1338 (2020).

Page, S. J., Schmid, A. & Harris, J. E. Optimizing terminology for stroke motor
rehabilitation: Recommendations from the american congress of rehabilitation
medicine stroke movement interventions subcommittee. Arch. Phys. Med.
Rehabil. 93, 1395-1399 (2012).

Macleod, M. R., O’Collins, T., Howells, D. W. & Donnan, G. A. Pooling of Animal
Experimental Data Reveals Influence of Study Design and Publication Bias.
Stroke 35, 1203—1208 (2004).

Hooijmans, C. R. et al. SYRCLE’s risk of bias tool for animal studies. BMC Med.
Res. Methodol. 14, 43 (2014).

Wickham, H. et al. Welcome to the Tidyverse. J. Open Source Softw. 4, 1686
(2019).

Balduzzi, S., Riicker, G. & Schwarzer, G. How to perform a meta-analysis with R: a

282



35-

36.

37

38.

39-

40.

41.

42.

43.

44.

45.

46.

practical tutorial. Evid. Based Ment. Heal. 22, 153—160 (2019).

Harrer, M., Cuijpers, P., Furukawa, T. & Ebert, D. dmetar: Companion R Package
For The Guide ‘Doing Meta-Analysis in R’. (2019).

Harrer, M., Cuijpers, P., Furukawa, T. & Ebert, D. Doing Meta-Analysis with R: A
Hands-On Guide. (Chapman & Hall/CRC Press, 2021).

Vesterinen, H. M. et al. Meta-analysis of data from animal studies: A practical
guide. J. Neurosci. Methods 221, 92—102 (2014).

Auriat, A. M., Grams, J. D., Yan, R. H. & Colbourne, F. Forced exercise does not
improve recovery after hemorrhagic stroke in rats. Brain Res. 1109, 183—191
(2006).

Takamatsu, Y. et al. Treadmill running improves motor function and alters
dendritic morphology in the striatum after collagenase-induced intracerebral
hemorrhage in rats. Brain Res. 1355, 165—173 (2010).

Takamatsu, Y., Tamakoshi, K., Waseda, Y. & Ishida, K. Running exercise enhances
motor functional recovery with inhibition of dendritic regression in the motor
cortex after collagenase-induced intracerebral hemorrhage in rats. Behav. Brain
Res. 300, 56—64 (2016).

Tamakoshi, K., Ishida, K., Hayao, K., Takahashi, H. & Tamaki, H. Behavioral
Effect of Short- and Long-Term Exercise on Motor Functional Recovery after
Intracerebral Hemorrhage in Rats. J. Stroke Cerebrovasc. Dis. 27, 3630—3635
(2018).

Sato, C. et al. Effects of voluntary and forced exercises on motor function recovery
in intracerebral hemorrhage rats. Neuroreport 31, 189—196 (2020).

Tamakoshi, K., Hayao, K. & Takahashi, H. Early Exercise after Intracerebral
Hemorrhage Inhibits Inflammation and Promotes Neuroprotection in the
Sensorimotor Cortex in Rats. Neuroscience 438, 86—99 (2020).

Xu, Y. et al. Rehabilitation Effects of Fatigue-Controlled Treadmill Training After
Stroke: A Rat Model Study. Front. Bioeng. Biotechnol. 8, 1—17 (2020).
Tamakoshi, K., Maeda, M., Nakamura, S. & Murohashi, N. Very Early Exercise
Rehabilitation After Intracerebral Hemorrhage Promotes Inflammation in the
Brain. Neurorehabil. Neural Repair 35, 501—512 (2021).

Inoue, T. et al. Combined treatment with exercise and a5GABAAR inhibitor

283



47.

48.

49.

50.

51.

52.

53-

54

55-

56.

promotes motor function recovery after intracerebral hemorrhage. Neurosci. Lett.
766, 136344 (2022).

Tamakoshi, K., Maeda, M., Murohashi, N. & Saito, A. Effect of exercise from a
very early stage after intracerebral hemorrhage on microglial and macrophage
reactivity states in rats. Neuroreport 33, 304—311 (2022).

Auriat, A. & Colbourne, F. Influence of amphetamine on recovery after
intracerebral hemorrhage in rats. Behav. Brain Res. 186, 222—229 (2008).
Auriat, A. M. & Colbourne, F. Delayed rehabilitation lessens brain injury and
improves recovery after intracerebral hemorrhage in rats. Brain Res. 1251, 262—
268 (2009).

Auriat, A. M., Wowk, S. & Colbourne, F. Rehabilitation after intracerebral
hemorrhage in rats improves recovery with enhanced dendritic complexity but no
effect on cell proliferation. Behav. Brain Res. 214, 42—47 (2010).

MacLellan, C. L., Plummer, N., Silasi, G., Auriat, A. M. & Colbourne, F.
Rehabilitation Promotes Recovery After Whole Blood—Induced Intracerebral
Hemorrhage in Rats. Neurorehabil. Neural Repair 25, 477—483 (2011).
Caliaperumal, J. & Colbourne, F. Rehabilitation Improves Behavioral Recovery
and Lessens Cell Death Without Affecting Iron, Ferritin, Transferrin, or
Inflammation After Intracerebral Hemorrhage in Rats. Neurorehabil. Neural
Repair 28, 395-404 (2014).

Fedor, B. A. et al. Early, Intense Rehabilitation Fails to Improve Outcome After
Intra-Striatal Hemorrhage in Rats. Neurorehabil. Neural Repair 36, 788—799
(2022).

DeBow, S. B., Davies, M. L. A., Clarke, H. L. & Colbourne, F. Constraint-Induced
Movement Therapy and Rehabilitation Exercises Lessen Motor Deficits and
Volume of Brain Injury After Striatal Hemorrhagic Stroke in Rats. Stroke 34,
10211026 (2003).

MacLellan, C. L., Grams, J., Adams, K. & Colbourne, F. Combined use of a
cytoprotectant and rehabilitation therapy after severe intracerebral hemorrhage in
rats. Brain Res. 1063, 40—47 (2005).

Ishida, A. et al. Early onset of forced impaired forelimb use causes recovery of

forelimb skilled motor function but no effect on gross sensory-motor function

284



57-

58.

59.

60.

61.

62.

63.

64.

65.

after capsular hemorrhage in rats. Behav. Brain Res. 225, 126—134 (2011).

Ishida, A. et al. Early constraint-induced movement therapy promotes functional
recovery and neuronal plasticity in a subcortical hemorrhage model rat. Behav.
Brain Res. 284, 158—166 (2015).

Ishida, A. et al. Causal Link between the Cortico-Rubral Pathway and Functional
Recovery through Forced Impaired Limb Use in Rats with Stroke. J. Neurosci. 36,
455—467 (2016).

Mestriner, R. G., Pagnussat, A. S., Boisserand, L. S. B., Valentim, L. & Netto, C. A.
Skilled reaching training promotes astroglial changes and facilitated sensorimotor
recovery after collagenase-induced intracerebral hemorrhage. Exp. Neurol. 227,
53—-61 (2011).

Kim, M. H., Lee, S. M. & Koo, H. M. Ipsilateral and contralateral skilled reach
training contributes to the motor function and brain recovery after left
haemorrhagic stroke of rats. Brain Inj. 26, 1127-1135 (2012).

Santos, M. V., Pagnussat, A. S., Mestriner, R. G. & Netto, C. A. Motor Skill
Training Promotes Sensorimotor Recovery and Increases Microtubule-Associated
Protein-2 (MAP-2) Immunoreactivity in the Motor Cortex after Intracerebral
Hemorrhage in the Rat. ISRN Neurol. 2013, 1—9 (2013).

Yong, M.-S. & Hwangbo, K. Skilled Reach Training Influences Brain Recovery
Following Intracerebral Hemorrhage in Rats. J. Phys. Ther. Sci. 26, 405—407
(2014).

Tamakoshi, K., Kawanaka, K., Onishi, H., Takamatsu, Y. & Ishida, K. Motor Skills
Training Improves Sensorimotor Dysfunction and Increases Microtubule-
Associated Protein 2 mRNA Expression in Rats with Intracerebral Hemorrhage. J.
Stroke Cerebrovasc. Dis. 25, 2071-2077 (2016).

Tamakoshi, K., Ishida, K., Kawanaka, K., Takamatsu, Y. & Tamaki, H. Motor Skills
Training Enhances a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid
Receptor Subunit mRNA Expression in the Ipsilateral Sensorimotor Cortex and
Striatum of Rats Following Intracerebral Hemorrhage. J. Stroke Cerebrovasc. Dis.
26, 2232—2239 (2017).

Nguyen, A. P., Arvanitidis, A. P. & Colbourne, F. Failure of estradiol to improve

spontaneous or rehabilitation-facilitated recovery after hemorrhagic stroke in

285



66.

67.

68.

69.

70.

71.

72.

73-

74.

75-

76.

rats. Brain Res. 1193, 109—119 (2008).

Li, Y. et al. Swimming Training Mitigates Neurological Impairment of
Intracerebral Haemorrhage in Mice via the Serine-Threonine Kinase/Glycogen
Synthase Kinase 3[3 Signalling Pathway. Neuroscience 501, 72—84 (2022).
Liddle, L. J., Ralhan, S., Ward, D. L. & Colbourne, F. Translational Intracerebral
Hemorrhage Research: Has Current Neuroprotection Research ARRIVEd at a
Standard for Experimental Design and Reporting? Transl. Stroke Res. 11, 1203—
1213 (2020).

MacLellan, C. L. et al. Gauging recovery after hemorrhagic stroke in rats:
Implications for cytoprotection studies. J. Cereb. Blood Flow Metab. 26, 1031—
1042 (2006).

Zia, E., Engstrom, G., Svensson, P. J., Norrving, B. & Pessah-Rasmussen, H.
Three-year survival and stroke recurrence rates in patients with primary
intracerebral hemorrhage. Stroke 40, 3567—-3573 (2009).

Hemphill, J. C., Bonovich, D. C., Besmertis, L., Manley, G. T. & Johnston, S. C.
The ICH score: A simple, reliable grading scale for intracerebral hemorrhage.
Stroke 32, 891—896 (2001).

Yen, H.-C. et al. Early Mobilization of Mild-Moderate Intracerebral Hemorrhage

Patients in a Stroke Center: A Randomized Controlled Trial. Neurorehabil. Neural

Repair 34, 72—81 (2020).
Edwardson, M. A. et al. Stroke Lesions in a Large Upper Limb Rehabilitation Trial
Cohort Rarely Match Lesions in Common Preclinical Models. Neurorehabil.
Neural Repair 31, 509—520 (2017).

Bernhardt, J. et al. A Stroke Recovery Trial Development Framework: Consensus-
Based Core Recommendations from the Second Stroke Recovery and
Rehabilitation Roundtable. Neurorehabil. Neural Repair 33, 959—969 (2019).
Bernhardt, J. et al. Agreed definitions and a shared vision for new standards in
stroke recovery research: The Stroke Recovery and Rehabilitation Roundtable
taskforce. Int. J. Stroke 12, 444—450 (2017).

Bernhardt, J. Efficacy and safety of very early mobilisation within 24 h of stroke
onset (AVERT): a randomised controlled trial. Lancet 386, 46—55 (2015).
Bernhardt, J. et al. Prespecified dose-response analysis for A Very Early

286



77-

78.

79-

8o0.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Rehabilitation Trial (AVERT). Neurology 86, 2138—2145 (2016).

Strommen, A. M., Christensen, T. & Jensen, K. Intensive treadmill training in the
acute phase after ischemic stroke. Int. J. Rehabil. Res. 39, 145—152 (2016).
Wilkinson, C. M., Kung, T. F. C., Jickling, G. C. & Colbourne, F. A translational
perspective on intracranial pressure responses following intracerebral
hemorrhage in animal models. Brain Hemorrhages 2, 34—48 (2021).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
MacLellan, C. L., Silasi, G., Auriat, A. M. & Colbourne, F. Rodent Models of
Intracerebral Hemorrhage. Stroke 41, S95—S98 (2010).

Button, K. S. et al. Power failure: why small sample size undermines the reliability
of neuroscience. Nat. Rev. Neurosci. 14, 365—376 (2013).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—
126 (2015).

Ioannidis, J. P. A. Why Most Published Research Findings Are False. PLoS Med.
2, e124 (2005).

Cait, J., Cait, A., Scott, R. W., Winder, C. B. & Mason, G. J. Conventional
laboratory housing increases morbidity and mortality in research rodents: results
of a meta-analysis. BMC Biol. 20, 15 (2022).

Cheeran, B. et al. The Future of Restorative Neurosciences in Stroke: Driving the
Translational Research Pipeline From Basic Science to Rehabilitation of People
After Stroke. Neurorehabil. Neural Repair 23, 97—107 (2009).

Newton, S. P. et al. Dose, Content, and Context of Usual Care in Stroke Upper
Limb Motor Interventions: A Systematic Review. Clin. Rehabil. 37, 1437—1450
(2023).

Copay, A. G., Subach, B. R., Glassman, S. D., Polly, D. W. & Schuler, T. C.
Understanding the minimum clinically important difference: a review of concepts
and methods. Spine J. 7, 541—546 (2007).

Saver, J. L., Albers, G. W., Dunn, B., Johnston, K. C. & Fisher, M. Stroke Therapy
Academic Industry Roundtable (STAIR) Recommendations for Extended Window
Acute Stroke Therapy Trials. Stroke 40, 2594—2600 (2009).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal

287



90.

1.

92.

93.

94.

95-

research: Reporting in vivo experiments: The ARRIVE guidelines. Br. J.
Pharmacol. 160, 1577-1579 (2010).

Lapchak, P. A., Zhang, J. H. & Noble-Haeusslein, L. J. RIGOR Guidelines:
Escalating STAIR and STEPS for Effective Translational Research. Transl. Stroke
Res. 4, 279—285 (2013).

Howells, D. W., Sena, E. S. & Macleod, M. R. Bringing rigour to translational
medicine. Nat. Rev. Neurol. 10, 37—43 (2014).

Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for
reporting animal research. PLOS Biol. 18, €3000410 (2020).

Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration
for the ARRIVE guidelines 2.0. PLOS Biol. 18, e3000411 (2020).

Hayward, K. S. et al. Control intervention design for preclinical and clinical trials:
Consensus-based core recommendations from the third Stroke Recovery and
Rehabilitation Roundtable. Neurorehabil. Neural Repair (2023).
doi:10.1177/15459683231209162

Torres-Espin, A. et al. Promoting FAIR Data Through Community-driven Agile
Design: the Open Data Commons for Spinal Cord Injury (odc-sci.org).

Neuroinformatics 20, 203—219 (2022).

288



Chapter 4

1.

10.

11.

12.

Wingfield, M. et al. Upper-Limb Motor Intervention Elements That Drive
Improvement in Biomarkers and Clinical Measures Post-Stroke: A Systematic
Review in a Systems Paradigm. Neurorehabil. Neural Repair 36, 726—739
(2022).

Donkor, E. S. Stroke in the 21st Century: A Snapshot of the Burden, Epidemiology,
and Quality of Life. Stroke Res. Treat. 2018, 1—10 (2018).

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Boyd, L. A. et al. Biomarkers of stroke recovery: Consensus-based core
recommendations from the Stroke Recovery and Rehabilitation Roundtable. Int.
J. Stroke 12, 480—493 (2017).

Cassidy, J. M. & Cramer, S. C. Spontaneous and Therapeutic-Induced
Mechanisms of Functional Recovery After Stroke. Transl. Stroke Res. 8, 33—46
(2017).

Prabhakaran, S. et al. Inter-individual Variability in the Capacity for Motor
Recovery After Ischemic Stroke. Neurorehabil. Neural Repair 22, 64—71 (2008).
Winters, C., van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Proportional Recovery Model for the Upper Extremity After an Ischemic
Stroke. Neurorehabil. Neural Repair 29, 614—622 (2015).

Stinear, C. M. et al. Proportional Motor Recovery After Stroke. Stroke 48, 795—
7983 (2017).

Smith, M. C., Byblow, W. D., Barber, P. A. & Stinear, C. M. Proportional Recovery
from Lower Limb Motor Impairment after Stroke. Stroke 48, 1400-1403 (2017).
Veerbeek, J. M., Winters, C., van Wegen, E. E. H. & Kwakkel, G. Is the
proportional recovery rule applicable to the lower limb after a first-ever ischemic
stroke? PLoS One 13, 1—13 (2018).

Lazar, R. M. et al. Improvement in aphasia scores after stroke is well predicted by
initial severity. Stroke 41, 1485-1488 (2010).

Winters, C., Van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability

of the Maximum Proportional Recovery Rule to Visuospatial Neglect Early

289



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Poststroke. Neurorehabil. Neural Repair 31, 334—342 (2017).

Byblow, W. D., Stinear, C. M., Barber, P. A., Petoe, M. A. & Ackerley, S. J.
Proportional recovery after stroke depends on corticomotor integrity. Ann.
Neurol. 78, 848—-859 (2015).

Ackerley, S., Smith, M. C., Jordan, H. & Stinear, C. M. Biomarkers of Motor
Outcomes After Stroke. Phys. Med. Rehabil. Clin. N. Am. 1—18 (2023).
doi:10.1016/j.pmr.2023.06.003

Cramer, S. C. et al. Stroke Recovery and Rehabilitation Research: Issues,
Opportunities, and the National Institutes of Health StrokeNet. Stroke 48, 813—
819 (2017).

Feng, W. et al. Corticospinal tract lesion load: An imaging biomarker for stroke
motor outcomes. Ann. Neurol. 78, (2015).

Rapisarda, G., Bastings, E., de Noordhout, A. M., Pennisi, G. & Delwaide, P. J. Can
Motor Recovery in Stroke Patients Be Predicted by Early Transcranial Magnetic
Stimulation? Stroke 27, 2191—2196 (1996).

Quinlan, E. B. et al. Neural function, injury, and stroke subtype predict treatment
gains after stroke. Ann. Neurol. 77, 132—145 (2015).

Seyhan, A. A. Lost in translation: the valley of death across preclinical and clinical
divide — identification of problems and overcoming obstacles. Transl. Med.
Commun. 4, 1—19 (2019).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—
126 (2015).

Goodman, S. N., Fanelli, D. & Ioannidis, J. P. A. What does research
reproducibility mean? Sci. Transl. Med. 8, 96—102 (2016).

Saver, J. L., Albers, G. W., Dunn, B., Johnston, K. C. & Fisher, M. Stroke Therapy
Academic Industry Roundtable (STAIR) Recommendations for Extended Window
Acute Stroke Therapy Trials. Stroke 40, 2594—2600 (2009).

Lapchak, P. A., Zhang, J. H. & Noble-Haeusslein, L. J. RIGOR Guidelines:
Escalating STAIR and STEPS for Effective Translational Research. Transl. Stroke
Res. 4, 279—285 (2013).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal
research: Reporting in vivo experiments: The ARRIVE guidelines. Br. J.

290



25.

26.

27.

28.

29.

30.

31.

32,

33-

34.

35-

36.

Pharmacol. 160, 1577-1579 (2010).

Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration
for the ARRIVE guidelines 2.0. PLOS Biol. 18, €3000411 (2020).

Dirnagl, U., Bannach-Brown, A. & McCann, S. External validity in translational
biomedicine: understanding the conditions enabling the cause to have an effect.
EMBO Mol. Med. 14, 2—5 (2022).

Jeffers, M. S., Karthikeyan, S. & Corbett, D. Does Stroke Rehabilitation Really
Matter? Part A: Proportional Stroke Recovery in the Rat. Neurorehabil. Neural
Repair 32, 3—6 (2018).

Perna, R. & Temple, J. Rehabilitation Outcomes: Ischemic versus Hemorrhagic
Strokes. Behav. Neurol. 2015, (2015).

Oosterveer, D. M., Wermer, M. J. H., Volker, G. & Vlieland, T. P. M. V. Are There
Differences in Long-Term Functioning and Recovery Between Hemorrhagic and
Ischemic Stroke Patients Receiving Rehabilitation? J. Stroke Cerebrovasc. Dis.
31, (2022).

Paolucci, S. et al. Functional Outcome of Ischemic and Hemorrhagic Stroke
Patients after Inpatient Rehabilitation: A Matched Comparison. Stroke 34, 2861—
2865 (2003).

Kelly, P. J. et al. Functional recovery following rehabilitation after hemorrhagic
and ischemic stroke. Arch. Phys. Med. Rehabil. 84, 968—972 (2003).

Salvadori, E. et al. Comparison between Ischemic and Hemorrhagic Strokes in
Functional Outcome at Discharge from an Intensive Rehabilitation Hospital.
Diagnostics 11, 38 (2020).

Katrak, P. H., Black, D. & Peeva, V. Do Stroke Patients With Intracerebral
Hemorrhage Have a Better Functional Outcome Than Patients With Cerebral
Infarction? PM R 1, 427—433 (2009).

Mestriner, R. G. et al. Behavior outcome after ischemic and hemorrhagic stroke,
with similar brain damage, in rats. Behav. Brain Res. 244, 82—89 (2013).
Schepers, V. P. M. et al. Functional recovery differs between ischaemic and
haemorrhagic stroke patients. J. Rehabil. Med. 40, 487-489 (2008).

Kitago, T. & Ratan, R. R. Rehabilitation following hemorrhagic stroke: building

the case for stroke-subtype specific recovery therapies. F1000Research 6, 2044

291



37

38.

39-

40.

41.

42.

43.

44.

45.

46.

47.

48.

(2017).

Fedor, B. A. et al. Early, Intense Rehabilitation Fails to Improve Outcome After
Intra-Striatal Hemorrhage in Rats. Neurorehabil. Neural Repair 36, 788—799
(2022).

Kliiver, H. & Barrera, E. A Method for the Combined Staining of Cells and Fibers
in the Nervous System. J. Neuropathol. Exp. Neurol. 12, 400—403 (1953).

Papp, E. A,, Leergaard, T. B., Calabrese, E., Johnson, G. A. & Bjaalie, J. G.
Waxholm Space atlas of the Sprague Dawley rat brain. Neuroimage 97, 374—386
(2014).

Wickham, H. et al. Welcome to the Tidyverse. J. Open Source Softw. 4, 1686
(2019).

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M. & Hornik, K. cluster: Cluster
Analysis Basics and Extensions. (2022).

Charrad, M., Ghazzali, N., Boiteau, V. & Niknafs, A. NbClust : An R Package for
Determining the Relevant Number of Clusters in a Data Set. J. Stat. Softw. 61,
(2014).

Jeffers, M. S. et al. Does Stroke Rehabilitation Really Matter? Part B: An
Algorithm for Prescribing an Effective Intensity of Rehabilitation. Neurorehabil.
Neural Repair 1—11 (2018).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
Nadeau, C. A. et al. Prolonged Blood-Brain Barrier Injury Occurs After
Experimental Intracerebral Hemorrhage and Is Not Acutely Associated with
Additional Bleeding. Transl. Stroke Res. 1—11 (2018). doi:10.1007/s12975-018-
0636-9

Hemphill, J. C., Bonovich, D. C., Besmertis, L., Manley, G. T. & Johnston, S. C.
The ICH score: A simple, reliable grading scale for intracerebral hemorrhage.
Stroke 32, 891—896 (2001).

Zia, E., Engstrom, G., Svensson, P. J., Norrving, B. & Pessah-Rasmussen, H.
Three-year survival and stroke recurrence rates in patients with primary
intracerebral hemorrhage. Stroke 40, 3567-3573 (2009).

Yen, H.-C. et al. Early Mobilization of Mild-Moderate Intracerebral Hemorrhage

292



49.

50.

51.

52.

53-

54.

55-

56.

57

58.

59.

60.

Patients in a Stroke Center: A Randomized Controlled Trial. Neurorehabil. Neural
Repair 34, 72—81 (2020).

Edwardson, M. A. et al. Stroke Lesions in a Large Upper Limb Rehabilitation Trial
Cohort Rarely Match Lesions in Common Preclinical Models. Neurorehabil.
Neural Repair 31, 509—520 (2017).

Shelton, F. D. N. A. P. & Reding, M. J. Effect of lesion location on upper limb
motor recovery after stroke. Stroke 32, 107-112 (2001).

Krakauer, J. W. & Marshall, R. S. The proportional recovery rule for stroke
revisited. Ann. Neurol. 78, 845-847 (2015).

MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Cait, J., Cait, A., Scott, R. W., Winder, C. B. & Mason, G. J. Conventional
laboratory housing increases morbidity and mortality in research rodents: results
of a meta-analysis. BMC Biol. 20, 15 (2022).

Fedor, B. A. et al. Motor Rehabilitation Provides Modest Functional Benefits After
Intracerebral Hemorrhage: a Systematic Review and Meta-Analysis of
Translational Rehabilitation Studies. Transl. Stroke Res. (2023).
d0i:10.1007/s12975-023-01205-W

Miyai, I., Blau, A. D., Reding, M. J. & Volpe, B. T. Patients with stroke confined to
basal ganglia have diminished response to rehabilitation efforts. Neurology 48,
95-101 (1997).

Karthikeyan, S., Jeffers, M. S., Carter, A. & Corbett, D. Characterizing
Spontaneous Motor Recovery Following Cortical and Subcortical Stroke in the
Rat. Neurorehabil. Neural Repair 33, 27—37 (2019).

Liu, H. et al. Patterns of motor recovery and structural neuroplasticity after basal
ganglia infarcts. Neurology 95, E1174—E1187 (2020).

Teo, K. et al. Location-Specific Hematoma Volume Cutoff and Clinical Outcomes
in Intracerebral Hemorrhage. Stroke 54, 1548-1557 (2023).

World Health Organization. International Classification of Functioning,
Disability and Health (ICF). (World Health Organization, 2001).

MacLellan, C. L., Gyawali, S. & Colbourne, F. Skilled reaching impairments follow

293



61.

62.

63.

64.

intrastriatal hemorrhagic stroke in rats. Behav. Brain Res. 175, 82—89 (2006).
Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, S. S. The post-stroke hemiplegic
patient. 1. a method for evaluation of physical performance. Scand. J. Rehabil.
Med. 7,13-31(1975).

Balbinot, G. et al. Post-stroke kinematic analysis in rats reveals similar reaching
abnormalities as humans. Sci. Rep. 8, 8738 (2018).

Balbinot, G. et al. Enriched rehabilitation reduces abnormal motor synergies and
enhances motor plasticity following severe stroke in rats. Stroke 54, 2156—2166
(2023).

Jenkins, D. G. & Quintana-Ascencio, P. F. A solution to minimum sample size for

regressions. PLoS One 15, 1-15 (2020).

204



Chapter 5

1.

10.

11.

12.

Ziai, W. C. & Carhuapoma, J. R. Intracerebral Hemorrhage. Contin. Lifelong
Learn. Neurol. 24, 1603-1622 (2018).

Al-Kawaz, M. N., Hanley, D. F. & Ziai, W. Advances in Therapeutic Approaches for
Spontaneous Intracerebral Hemorrhage. Neurotherapeutics 17, 1757-1767
(2020).

Elijovich, L., Patel, P. V. & Hemphill, J. C. Intracerebral hemorrhage. Semin.
Neurol. 28, 657—667 (2008).

Hong, K.-S. & Saver, J. L. Years of Disability-Adjusted Life Gained as a Result of
Thrombolytic Therapy for Acute Ischemic Stroke. Stroke 41, 471—477 (2010).
Haupenthal, D. et al. Disability-Adjusted Life-Years Associated with Intracerebral
Hemorrhage and Secondary Injury. JAMA Netw. Open 4, 1-10 (2021).

Kitago, T. & Ratan, R. R. Rehabilitation following hemorrhagic stroke: building
the case for stroke-subtype specific recovery therapies. F1oo0Research 6, 2044
(2017).

Puy, L. et al. Intracerebral haemorrhage. Nat. Rev. Dis. Prim. 9, (2023).

Fedor, B. A. et al. Early, Intense Rehabilitation Fails to Improve Outcome After
Intra-Striatal Hemorrhage in Rats. Neurorehabil. Neural Repair 36, 788—799
(2022).

MacLellan, C. L., Plummer, N., Silasi, G., Auriat, A. M. & Colbourne, F.
Rehabilitation Promotes Recovery After Whole Blood—Induced Intracerebral
Hemorrhage in Rats. Neurorehabil. Neural Repair 25, 477—483 (2011).
Caliaperumal, J. & Colbourne, F. Rehabilitation Improves Behavioral Recovery
and Lessens Cell Death Without Affecting Iron, Ferritin, Transferrin, or
Inflammation After Intracerebral Hemorrhage in Rats. Neurorehabil. Neural
Repair 28, 395404 (2014).

Auriat, A. M. & Colbourne, F. Delayed rehabilitation lessens brain injury and
improves recovery after intracerebral hemorrhage in rats. Brain Res. 1251, 262—
268 (20009).

Auriat, A. M., Wowk, S. & Colbourne, F. Rehabilitation after intracerebral

hemorrhage in rats improves recovery with enhanced dendritic complexity but no

295



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

effect on cell proliferation. Behav. Brain Res. 214, 42—47 (2010).

Williamson, M. R. et al. Rehabilitation augments hematoma clearance and
attenuates oxidative injury and ion dyshomeostasis after brain hemorrhage.
Stroke 48, 195—203 (2017).

Biernaskie, J., Chernenko, G. & Corbett, D. Efficacy of Rehabilitative Experience
Declines with Time after Focal Ischemic Brain Injury. J. Neurosci. 24, 1245-1254
(2004).

MacLellan, C. L. et al. A Critical Threshold of Rehabilitation Involving Brain-
Derived Neurotrophic Factor Is Required for Poststroke Recovery. Neurorehabil.
Neural Repair 25, 740—748 (2011).

Jeffers, M. S. et al. Does Stroke Rehabilitation Really Matter? Part B: An
Algorithm for Prescribing an Effective Intensity of Rehabilitation. Neurorehabil.
Neural Repair 1—11 (2018).

Biernaskie, J. & Corbett, D. Enriched Rehabilitative Training Promotes Improved
Forelimb Motor Function and Enhanced Dendritic Growth after Focal Ischemic
Injury. J. Neurosci. 21, 5272—5280 (2001).

Liddle, L. J., Ralhan, S., Ward, D. L. & Colbourne, F. Translational Intracerebral
Hemorrhage Research: Has Current Neuroprotection Research ARRIVEd at a
Standard for Experimental Design and Reporting? Transl. Stroke Res. 11, 1203—
1213 (2020).

Button, K. S. et al. Power failure: why small sample size undermines the reliability
of neuroscience. Nat. Rev. Neurosci. 14, 365—376 (2013).

Quinlan, E. B. et al. Neural function, injury, and stroke subtype predict treatment
gains after stroke. Ann. Neurol. 77, 132—145 (2015).

Kliiver, H. & Barrera, E. A Method for the Combined Staining of Cells and Fibers
in the Nervous System. J. Neuropathol. Exp. Neurol. 12, 400—403 (1953).

Fedor, B. A. et al. Motor Rehabilitation Provides Modest Functional Benefits After
Intracerebral Hemorrhage: a Systematic Review and Meta-Analysis of
Translational Rehabilitation Studies. Transl. Stroke Res. (2023).
doi:10.1007/s12975-023-01205-W

Wilkinson, C. M., Kung, T. F. C., Jickling, G. C. & Colbourne, F. A translational

perspective on intracranial pressure responses following intracerebral

206



24.

25.

26.

27.

28.

29.

30.

31.

32.

33-

34.

35-

hemorrhage in animal models. Brain Hemorrhages 2, 34—48 (2021).

MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing
Collagenase to Blood Infusion. J. Cereb. Blood Flow Metab. 28, 516—525 (2008).
MacLellan, C. L., Silasi, G., Auriat, A. M. & Colbourne, F. Rodent Models of
Intracerebral Hemorrhage. Stroke 41, S95—-S98 (2010).

Gunderson, M. L., Heer, S. & Klahr, A. C. A Pilot Systematic Review and Meta-
analysis of Neuroprotective Studies in Female Rodent Models of Ischemic Stroke.
Transl. Stroke Res. (2023). d0i:10.1007/512975-023-01134-8

Tamakoshi, K., Maeda, M., Nakamura, S. & Murohashi, N. Very Early Exercise
Rehabilitation After Intracerebral Hemorrhage Promotes Inflammation in the
Brain. Neurorehabil. Neural Repair 35, 501—-512 (2021).

Tamakoshi, K., Maeda, M., Murohashi, N. & Saito, A. Effect of exercise from a
very early stage after intracerebral hemorrhage on microglial and macrophage
reactivity states in rats. Neuroreport 33, 304—311 (2022).

Schmidt, A. et al. Meta-analysis of the Efficacy of Different Training Strategies in
Animal Models of Ischemic Stroke. Stroke 45, 239—247 (2014).

DeBow, S. B., Davies, M. L. A., Clarke, H. L. & Colbourne, F. Constraint-Induced
Movement Therapy and Rehabilitation Exercises Lessen Motor Deficits and
Volume of Brain Injury After Striatal Hemorrhagic Stroke in Rats. Stroke 34,
1021-1026 (2003).

Prabhakaran, S. et al. Inter-individual Variability in the Capacity for Motor
Recovery After Ischemic Stroke. Neurorehabil. Neural Repair 22, 64—71 (2008).
Winters, C., van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Proportional Recovery Model for the Upper Extremity After an Ischemic
Stroke. Neurorehabil. Neural Repair 29, 614—622 (2015).

Stinear, C. M. et al. Proportional Motor Recovery After Stroke. Stroke 48, 795—
7983 (2017).

Smith, M. C., Byblow, W. D., Barber, P. A. & Stinear, C. M. Proportional Recovery
from Lower Limb Motor Impairment after Stroke. Stroke 48, 1400-1403 (2017).
Veerbeek, J. M., Winters, C., van Wegen, E. E. H. & Kwakkel, G. Is the
proportional recovery rule applicable to the lower limb after a first-ever ischemic

stroke? PLoS One 13, 1—13 (2018).

297



36.

37

38.

39-

40.

41.

42.

43.

44.

45.

46.

47.

Lazar, R. M. et al. Improvement in aphasia scores after stroke is well predicted by
initial severity. Stroke 41, 1485-1488 (2010).

Winters, C., Van Wegen, E. E. H., Daffertshofer, A. & Kwakkel, G. Generalizability
of the Maximum Proportional Recovery Rule to Visuospatial Neglect Early
Poststroke. Neurorehabil. Neural Repair 31, 334—342 (2017).

Byblow, W. D., Stinear, C. M., Barber, P. A., Petoe, M. A. & Ackerley, S. J.
Proportional recovery after stroke depends on corticomotor integrity. Ann.
Neurol. 78, 848—-859 (2015).

Ward, N. S. & Carmichael, S. T. Blowing up Neural Repair for Stroke Recovery:
Preclinical and Clinical Trial Considerations. Stroke 3169—3173 (2020).
doi:10.1161/STROKEAHA.120.030486

Cramer, S. C. et al. Stroke Recovery and Rehabilitation Research: Issues,
Opportunities, and the National Institutes of Health StrokeNet. Stroke 48, 813—
819 (2017).

Begley, C. G. & Ioannidis, J. P. A. Reproducibility in Science. Circ. Res. 116, 116—
126 (2015).

Jeffers, M. S., Karthikeyan, S. & Corbett, D. Does Stroke Rehabilitation Really
Matter? Part A: Proportional Stroke Recovery in the Rat. Neurorehabil. Neural
Repair 32, 3—6 (2018).

Kelly, P. J. et al. Functional recovery following rehabilitation after hemorrhagic
and ischemic stroke. Arch. Phys. Med. Rehabil. 84, 968—972 (2003).

Paolucci, S. et al. Functional Outcome of Ischemic and Hemorrhagic Stroke
Patients after Inpatient Rehabilitation: A Matched Comparison. Stroke 34, 2861—
2865 (2003).

Schepers, V. P. M. et al. Functional recovery differs between ischaemic and
haemorrhagic stroke patients. J. Rehabil. Med. 40, 487—489 (2008).

Miyali, I., Blau, A. D., Reding, M. J. & Volpe, B. T. Patients with stroke confined to
basal ganglia have diminished response to rehabilitation efforts. Neurology 48,
95-101 (1997).

Karthikeyan, S., Jeffers, M. S., Carter, A. & Corbett, D. Characterizing
Spontaneous Motor Recovery Following Cortical and Subcortical Stroke in the

Rat. Neurorehabil. Neural Repair 33, 27—37 (2019).

298



48.

49.

50.

51.

52.

53-

54.

55-

56.

57

58.

59.

60.

Teo, K. et al. Location-Specific Hematoma Volume Cutoff and Clinical Outcomes
in Intracerebral Hemorrhage. Stroke 54, 1548—-1557 (2023).

Lopresti, M. A. et al. Hematoma volume as the major determinant of outcomes
after intracerebral hemorrhage. J. Neurol. Sci. 345, 3—7 (2014).

MacDonald, S. et al. The association between inpatient rehabilitation intensity
and outcomes after stroke in Ontario, Canada. International Journal of Stroke
(2023). d0i:10.1177/17474930231215005

Dromerick, A. W. et al. Very early constraint-induced movement during stroke
rehabilitation (VECTORS): A single-center RCT. Neurology 73, 195—201 (2009).
Balbinot, G. et al. Enriched rehabilitation reduces abnormal motor synergies and
enhances motor plasticity following severe stroke in rats. Stroke 54, 2156—2166
(2023).

Bernhardt, J. et al. Agreed definitions and a shared vision for new standards in
stroke recovery research: The Stroke Recovery and Rehabilitation Roundtable
taskforce. Int. J. Stroke 12, 444—450 (2017).

Yen, H.-C. et al. Early Mobilization of Mild-Moderate Intracerebral Hemorrhage
Patients in a Stroke Center: A Randomized Controlled Trial. Neurorehabil. Neural
Repair 34, 72—81 (2020).

Bernhardt, J. Efficacy and safety of very early mobilisation within 24 h of stroke
onset (AVERT): a randomised controlled trial. Lancet 386, 46—55 (2015).
Bernhardt, J. et al. Prespecified dose-response analysis for A Very Early
Rehabilitation Trial (AVERT). Neurology 86, 2138—2145 (2016).

Stremmen, A. M., Christensen, T. & Jensen, K. Intensive treadmill training in the
acute phase after ischemic stroke. Int. J. Rehabil. Res. 39, 145—152 (2016).
Kozlowski, D. A., James, D. C. & Schallert, T. Use-Dependent Exaggeration of
Neuronal Injury after Unilateral Sensorimotor Cortex Lesions. J. Neurosci. 16,
4776-4786 (1996).

DeBow, S. B., McKenna, J. E., Kolb, B. & Colbourne, F. Immediate constraint-
induced movement therapy causes local hyperthermia that exacerbates cerebral
cortical injury in rats. Can. J. Physiol. Pharmacol. 82, 231—237 (2004).
Hooijmans, C. R., IntHout, J., Ritskes-Hoitinga, M. & Rovers, M. M. Meta-

Analyses of Animal Studies: An Introduction of a Valuable Instrument to Further

299



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

Improve Healthcare. ILAR J. 55, 418—426 (2014).

Cait, J., Cait, A., Scott, R. W., Winder, C. B. & Mason, G. J. Conventional
laboratory housing increases morbidity and mortality in research rodents: results
of a meta-analysis. BMC Biol. 20, 15 (2022).

Heidorn, P. B. Shedding light on the dark data in the long tail of science. Libr.
Trends 57, 280—299 (2008).

Chan, A.-W. et al. Increasing value and reducing waste: addressing inaccessible
research. Lancet 383, 257—266 (2014).

Usui, T., Macleod, M. R., McCann, S. K., Senior, A. M. & Nakagawa, S. Meta-
analysis of variation suggests that embracing variability improves both
replicability and generalizability in preclinical research. PLoS Biol. 19, 1—20
(2021).

Nguyen, A. P., Arvanitidis, A. P. & Colbourne, F. Failure of estradiol to improve
spontaneous or rehabilitation-facilitated recovery after hemorrhagic stroke in
rats. Brain Res. 1193, 109—119 (2008).

Ahnstedt, H., McCullough, L. D. & Cipolla, M. J. The Importance of Considering
Sex Differences in Translational Stroke Research. Transl. Stroke Res. 7, 261—273
(2016).

Prendergast, B. J., Onishi, K. G. & Zucker, I. Female mice liberated for inclusion
in neuroscience and biomedical research. Neurosci. Biobehav. Rev. 40, 1—5
(2014).

Becker, J. B., Prendergast, B. J. & Liang, J. W. Female rats are not more variable
than male rats: A meta-analysis of neuroscience studies. Biol. Sex Differ. 77, 1—7
(2016).

Rocks, D., Cham, H. & Kundakovic, M. Why the estrous cycle matters for
neuroscience. Biol. Sex Differ. 13, 1—-14 (2022).

Barha, C. K. & Liu-Ambrose, T. Exercise and the Aging Brain: Considerations for
Sex Differences. Brain Plast. 4, 53—63 (2018).

Mang, C. S., Campbell, K. L., Ross, C. J. D. & Boyd, L. A. Perspective Promoting
Neuroplasticity for Motor Rehabilitation After Stroke : Brain-Derived
Neurotrophic Factor. Phys. Ther. 93, 1707—1716 (2013).

Barha, C. K., Falck, R. S., Davis, J. C., Nagamatsu, L. S. & Liu-Ambrose, T. Sex

300



73-

74.

75-

76.

77-

78.

79-

8o.

81.

82.

83.

differences in aerobic exercise efficacy to improve cognition: A systematic review
and meta-analysis of studies in older rodents. Front. Neuroendocrinol. 46, 86—
105 (2017).

Vyas, M. V. et al. Stroke Incidence by Sex across the Lifespan. Stroke 52, 447—451
(2021).

Donkor, E. S. Stroke in the 21st Century: A Snapshot of the Burden, Epidemiology,
and Quality of Life. Stroke Res. Treat. 2018, 1—10 (2018).

Gong, Y., Hua, Y., Keep, R. F., Hoff, J. T. & Xi, G. Intracerebral hemorrhage:
Effects of aging on brain edema and neurological deficits. Stroke 35, 2571—2575
(2004).

Camacho, E. et al. The role of age in intracerebral hemorrhages. J. Clin. Neurosci.
22, 1867-1870 (2015).

Wilkinson, C. M. et al. Tissue Compliance and Intracranial Pressure Responses to
Large Intracerebral Hemorrhage in Young and Aged Spontaneously Hypertensive
Rats. Hypertension 1—11 (2023). doi:10.1161/hypertensionaha.123.21628
Watson, N., Bonsack, F. & Sukumari-Ramesh, S. Intracerebral Hemorrhage: The
Effects of Aging on Brain Injury. Front. Aging Neurosci. 14, 1-10 (2022).

Zheng, Y., Tan, X. & Cao, S. The Critical Role of Erythrolysis and
Microglia/Macrophages in Clot Resolution After Intracerebral Hemorrhage: A
Review of the Mechanisms and Potential Therapeutic Targets. Cell. Mol.
Neurobiol. (2022). doi:10.1007/s10571-021-01175-3

Wasserman, J. K., Yang, H. & Schlichter, L. C. Glial responses, neuron death and
lesion resolution after intracerebral hemorrhage in young vs. aged rats. Eur. J.
Neurosci. 28, 1316—1328 (2008).

Gong, Y., Xi, G. H., Keep, R. F., Hoff, J. T. & Hua, Y. Aging enhances intracerebral
hemorrhage-induced brain injury in rats. Acta Neurochir. Suppl. 17760, 425—427
(2005).

Lee, J. C., Cho, G. S., Choi, B. O., Kim, H. C. & Kim, W. K. Aging exacerbates
intracerebral hemorrhage-induced brain injury. J. Neurotrauma 26, 1567-1576
(20009).

Kohman, R. A., DeYoung, E. K., Bhattacharya, T. K., Peterson, L. N. & Rhodes, J.

S. Wheel running attenuates microglia proliferation and increases expression of a

301



84.

85.

86.

87.

88.

89.

90.

1.

92.

93.

94.

95-

proneurogenic phenotype in the hippocampus of aged mice. Brain. Behav.
Immun. 26, 803—-810 (2012).

Manaenko, A., Chen, H., Zhang, J. H. & Tang, J. Comparison of Different
Preclinical Models of Intracerebral Hemorrhage. in Acta Neurochirurgica 111, 9—
14 (2011).

Bai, Q. et al. Intracerebral haemorrhage: From clinical settings to animal models.
Stroke Vasc. Neurol. 5, 388—395 (2020).

Xue, M. & Del Bigio, M. R. Comparison of brain cell death and inflammatory
reaction in three models of intracerebral hemorrhage in adult rats. J. Stroke
Cerebrovasc. Dis. 12, 152—159 (2003).

An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical
Features of Intracerebral Hemorrhage: An Update. J. Stroke 19, 3—10 (2017).
Camiletti-Moir6n, D., Aparicio, V. A., Aranda, P. & Radak, Z. Does exercise reduce
brain oxidative stress? A systematic review. Scand. J. Med. Sci. Sport. 23, 202—
212 (2013).

He, F. et al. Redox mechanism of reactive oxygen species in exercise. Front.
Physiol. 7, 1—10 (2016).

Mracsko, E. & Veltkamp, R. Neuroinflammation after intracerebral hemorrhage.
Front. Cell. Neurosci. 8,1—13 (2014).

Tschoe, C., Bushnell, C. D., Duncan, P. W., Alexander-Miller, M. A. & Wolfe, S. Q.
Neuroinflammation after Intracerebral Hemorrhage and Potential Therapeutic
Targets. J. Stroke 22, 29—46 (2020).

Aronowski, J. & Zhao, X. Molecular pathophysiology of cerebral hemorrhage:
Secondary brain injury. Stroke 42, 1781-1786 (2011).

Liu, J., Zhu, Z. & Leung, G. K. K. Erythrophagocytosis by Microglia/Macrophage
in Intracerebral Hemorrhage: From Mechanisms to Translation. Front. Cell.
Neurosci. 16, 1-13 (2022).

Wiersma, A. & Winship, I. In vivo Use of Dextran-based Anterograde Cortical
Tracers to Assess the Integrity of the Cortical Spinal Tract. Bio-Protocol 8, 1—14
(2018).

Schlag, M. G., Hopf, R. & Redl, H. Serial recording of sensory, corticomotor, and

brainstem-derived motor evoked potentials in the rat. Somatosens. Mot. Res. 18,

302



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

106—-116 (2001).

Zhang, B. et al. PKCy promotes axonal remodeling in the cortico-spinal tract via
GSK3[3/B-catenin signaling after traumatic brain injury. Sci. Rep. 9, 1—16 (2019).
Balkaya, M. G., Trueman, R. C., Boltze, J., Corbett, D. & Jolkkonen, J. Behavioral
outcome measures to improve experimental stroke research. Behav. Brain Res.
352, 161—171 (2018).

World Health Organization. International Classification of Functioning,
Disability and Health (ICF). (World Health Organization, 2001).

Lapchak, P. A., Zhang, J. H. & Noble-Haeusslein, L. J. RIGOR Guidelines:
Escalating STAIR and STEPS for Effective Translational Research. Transl. Stroke
Res. 4, 279—285 (2013).

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M. & Altman, D. G. Animal
research: Reporting in vivo experiments: The ARRIVE guidelines. Br. J.
Pharmacol. 160, 1577-1579 (2010).

Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for
reporting animal research. PLOS Biol. 18, €3000410 (2020).

Percie du Sert, N. et al. Reporting animal research: Explanation and elaboration
for the ARRIVE guidelines 2.0. PLOS Biol. 18, €3000411 (2020).

Lyden, P. D. et al. The Stroke Preclinical Assessment Network: Rationale, Design,
Feasibility, and Stage 1 Results. Stroke 53, 1802—-1812 (2022).

Morais, A. et al. Embracing Heterogeneity in the Multicenter Stroke Preclinical
Assessment Network (SPAN) Trial. Stroke 54, 620—631 (2023).

Wilkinson, M. D. et al. Comment: The FAIR Guiding Principles for scientific data
management and stewardship. Sci. Data 3, 1—9 (2016).

Ferguson, A. R., Nielson, J. L., Cragin, M. H., Bandrowski, A. E. & Martone, M. E.
Big data from small data: Data-sharing in the ‘long tail’ of neuroscience. Nat.
Neurosci. 17, 1442-1447 (2014).

Ventresca, M. et al. Obtaining and managing data sets for individual participant
data meta-analysis: Scoping review and practical guide. BMC Med. Res. Methodol.

20, 1-18 (2020).

303



Appendix A | Supplement to Chapter 3

304



Table A-1 Experimental Design Characteristics

Article ID | Experimental Design Behavioural Endpoints
First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] ment
[Ref]
DeBow Rat, COL 60 days Lesion volume FLU Skilled reaching Walking Elevated 60 days
2003al Sprague- [Montoya [horizontal body swing
Dawley staircase], ladder] test
[M] Spontaneous
impaired forelimb
use [cylinder]
DeBow Rat, COL 60 days Lesion volume CIMT Skilled reaching Walking 60 days
2003b! Sprague- [Montoya [horizontal
Dawley staircase], ladder]
[M] Spontaneous
impaired forelimb
use [cylinder]
DeBow Rat, COL 60 days Lesion volume EX Skilled reaching Walking 60 days
2003c! Sprague- [Montoya [horizontal
Dawley staircase], ladder]
[M] Spontaneous
impaired forelimb
use [cylinder]
MacLellan | Rat, COL 60 days Lesion volume  CIMT Skilled reaching Walking 56 days
20052 Sprague- [Montoya [horizontal
Dawley staircase], ladder]
[M] Spontaneous
impaired forelimb
use [cylinder]
Auriat Rat, COL 49 days Lesion volume AE Skilled reaching Walking 46 days
20063 Long [Montoya [horizontal
Evans staircase], ladder]
[M] Spontaneous

impaired forelimb
use [cylinder]
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Article ID

Experimental Design

Behavioural Endpoints

First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Auriat Rat, COL 30 days Lesion volume ER Skilled reaching Walking NDS 28 days
20084 Sprague- [Montoya [horizontal
Dawley staircase, tray ladder,
[M] task], elevated
Spontaneous beam]
impaired forelimb
use [cylinder]
Nguyen Rat, COL 56 days Lesion volume EE Skilled reaching Walking 56 days
20085 Sprague- [tray task], [horizontal
Dawley Spontaneous ladder,
[F] impaired forelimb  elevated
use [cylinder] beam]
Auriat Rat, COL 46 days Lesion volume ER Skilled reaching Walking 46 days
2009° Sprague- [Montoya [horizontal
Dawley staircase], ladder]
[M] Spontaneous
impaired forelimb
use [cylinder]
Auriat Rat, COL 39 days Not assessed ER Skilled reaching Walking 39 days
20104’ Sprague- [Montoya [horizontal
Dawley staircase], ladder]
[M] Spontaneous
impaired forelimb
use [cylinder]
Auriat Rat, COL 32 days Lesion volume ER Skilled reaching Walking 32 days
2010b7 Sprague- [Montoya [horizontal
Dawley staircase, tray ladder]
[M] task],
Spontaneous
impaired forelimb
use [cylinder]
Takamatsu | Rat, COL 15 days Lesion volume AE MDS 15 days
20108 Wistar
[M]
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Article ID

Experimental Design

Behavioural Endpoints

First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Ishida Rat, COL 37 days Lesion volume FLU Skilled reaching Walking MDS Sensori- 28 days
20119 Wistar [single pellet [horizontal motor
[M] task], ladder] [forelimb
Spontaneous contact
impaired forelimb placing
use [cylinder] response],
Kinematic
analysis
[forelimb]
MacLellan | Rat, AWB 49 days Lesion volume ER Skilled reaching 46 days
2011%° Sprague- [single pellet task]
Dawley
M]
Mestriner Rat, COL 33-34 Lesion volume REACH Skilled reaching Walking 33-34
2011a Wistar days [Montoya [horizontal days
[M] staircase], ladder]
Spontaneous
impaired forelimb
use [cylinder]
Mestriner Rat, COL 33-34 Lesion volume WALK Skilled reaching Walking 33-34
2011b1 Wistar days [Montoya [horizontal days
[M] staircase], ladder]
Spontaneous
impaired forelimb
use [cylinder]
Kim Rat, COL Unclear, Lesionvolume REACH Spontaneous Walking Unclear,
2012a'? Sprague- imprecise impaired forelimb  [horizontal imprecise
Dawley timeline use [cylinder] ladder] timeline
[M]
Kim Rat, COL Unclear, Lesion volume REACH- Spontaneous Walking Unclear,
2012b*2 Sprague- imprecise ipsi impaired forelimb  [horizontal imprecise
Dawley timeline use [cylinder] ladder] timeline
(M]
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Article ID

Experimental Design

Behavioural Endpoints

First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Santos Rat, COL 33-34 Lesion REACH Skilled reaching 33-34
2013a'3 Wistar days volume* [Montoya days
[M] (conducted in staircase],
one tissue Spontaneous
slice) impaired forelimb
use [cylinder]
Santos Rat, COL 33-34 Lesion WALK Skilled reaching 33-34
2013b'3 Wistar days volume* [Montoya days
[M] (conducted in staircase],
one tissue Spontaneous
slice) impaired forelimb
use [cylinder]
Caliaper- Rat, COL 32 days Not assessed ER Skilled reaching Walking 32 days
umal Sprague- [Montoya [horizontal
201414 Dawley staircase] ladder]
M]
Tamakoshi | Rat, COL 29 days Lesion volume AT Walking MDS 28 days
201415 Wistar [horizontal
[M] ladder,
elevated
beam]
Yong Rat, COL 7 days Not assessed REACH Walking Unclear,
2014a Sprague- [horizontal imprecise
Dawley ladder] timeline
M]
Yong Rat, COL 28 days Not assessed REACH Walking Unclear,
2014b0 Sprague- [horizontal imprecise
Dawley ladder] timeline
M]
Ishida Rat, COL 14 days Lesion volume FLU Skilled reaching Walking 12 days
2015a"7 Wistar [single pellet task] [horizontal
[M] ladder]
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Article ID | Experimental Design Behavioural Endpoints
First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Ishida Rat, COL 30 days Lesion volume FLU Skilled reaching Walking 28 days
2015b"7 Wistar [single pellet task] [horizontal
[M] ladder]
Ishida Rat, COL 60 days Not assessed FLU Skilled reaching Walking MDS 28 days
20168 Wistar [single pellet task] [horizontal
[M] ladder]
Takamatsu | Rat, COL 15 days Not assessed AE Spontaneous Walking MDS 15 days
201619 Wistar impaired forelimb  [elevated
[M] use [cylinder] beam]
*hindlimb
Tamakoshi | Rat, COL 29 days Not assessed AT Sensori- 28 days
201620 Wistar motor
[M] [forepaw
grasping,
modified
forelimb
placing
test,
postural
instability]
Tamakoshi | Rat, COL 29 days Lesion AT Sensori- 28 days
20172 Wistar volume* motor
[M] (assessed, not [modified
reported) forelimb
placing
test]
Tamakoshi | Rat, COL 15 days Unclear* AE Walking Sensori- 15 days
2018a22 Wistar (lesion volume [horizontal motor
[M] mentioned, ladder] [forelimb
methods/data contact
not reported) placing
response]
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Article ID

Experimental Design

Behavioural Endpoints

First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Tamakoshi | Rat, COL 15 days Unclear* AE Walking Sensori- 15 days
2018b22 Wistar (lesion volume [horizontal motor
[M] mentioned, ladder] [forelimb
methods/data contact
not reported) placing
response]
Tamakoshi | Rat, COL 15 days Unclear* AE Walking Sensori- 15 days
2018¢22 Wistar (lesion volume [horizontal motor
[M] mentioned, ladder] [forelimb
methods/data contact
not reported) placing
response]
Sato Rat, COL 28 days Not assessed AE Walking MDS 28 days
2020a23 Sprague- [elevated
Dawley beams -
[M] narrow,
wide]
Sato Rat, COL 28 days Not assessed AE Walking MDS 28 days
2020b23 Sprague- [elevated
Dawley beams -
[M] narrow,
wide]
Tamaokshi | Rat, COL 16 days Lesion volume AE Walking Sensori- 15 days
2020a24 Wistar [horizontal motor
[M] ladder] [forelimb
contact
placing
response],
Balance/
coordin-
ation
[rotarod]
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Article ID | Experimental Design Behavioural Endpoints
First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Tamaokshi | Rat, COL 16 days Lesion volume AE Walking Sensori- 15 days
2020b24 Wistar [horizontal motor
[M] ladder] [forelimb
contact
placing
response],
Balance/
coordin-
ation
[rotarod]
Xu Rat, COL 14 days Not assessed AE mNSS 14 days
2020a25 Sprague-
Dawley
[NR]
Xu Rat, COL 14 days Not assessed AE mNSS 14 days
2020b?5 Sprague-
Dawley
[NR]
Tamakoshi | Rat, COL 27hours  Hematoma AE Walking Balance/ 25 hours
202120 Wistar volume [horizontal coordin-
[M] ladder] ation
[rotarod]
Fedor Rat, COL 14 days Hematoma ER Skilled reaching Walking 14 days
2022a27 Sprague- volume [Montoya [horizontal
Dawley staircase] ladder,
[M] elevated
beam]
Fedor Rat, COL 14 days Hematoma ER Skilled reaching Walking 14 days
2022b27 Sprague- volume [Montoya [horizontal
Dawley staircase] ladder,
[M] elevated
beam]
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Article ID | Experimental Design Behavioural Endpoints
First Species, ICH Survival Stroke Size Rehab- Forelimb Locomotor Neuro- Other Latest
Author Strain Model Assessment ilitation Function Function behavioural [Test] Assess-
Year [Sex] [Test] [Test] Battery ment
[Ref]
Fedor Rat, COL 60 days Lesion volume ER Skilled reaching 31days
2022¢27 Sprague- [Montoya
Dawley staircase]
M]
Fedor Rat, COL 60 days Lesion volume ER Skilled reaching 31 days
2022d27 Sprague- [Montoya
Dawley staircase]
M]
Inoue Rat, COL 29 days Lesion volume AE Sensori- 28 days
202228 Wistar motor
[M] [tape
removal
task]
Li Mouse, COL Unclear,  Hematoma SWIM mNSS 14 days
2022229 C57BL/ imprecise  volume
6J timeline
[M]
Li Mouse, COL Unclear,  Hematoma SWIM mNSS 14 days
2022b29 Cs57BL/ imprecise  volume
6J timeline
[M]
Li Mouse, COL Unclear,  Hematoma SWIM mNSS 7 days
2022¢29 C57BL/ imprecise  volume
6J timeline
M]
Tamakoshi | Rat, COL 8 days Lesion volume AE Walking Balance/ 7 days
202230 Wistar [horizontal coordin-
[M] ladder] ation
[rotarod]

Abbreviations: AE, aerobic exercise; AT, acrobatic training; AWB, autologous whole blood; CIMT, constraint-induced movement therapy; COL,
collagenase model; EE, environmental enrichment; ER, enriched rehabilitation; F, female; FLU, forced limb use; M, male; MDS, motor deficit
score; mNSS modified neurological severity score; NR, not reported; NDS, neurological deficit score; REACH, skilled reach training; REACH-ipsi,
skilled reach training in unimpaired forelimb; SWIM, swim training; WALK, walk training

312



CAMARADES Checklist ltem

Article 1 ] 2 ] 3 ] 4 | 5 1] 6] 7 ] 81 9 ] 10
DeBow 2003 0 0|0 0100000
MacLellan 2005 O O © 0 0 0 0O
Auriat 2006 0 0 0 Q ° 0 °
Auriat 2008 -+ I+ N+ QO O 0 O 6
Nguyen 2008 0100|000 00|06
Auriat 2009 © 0 0|00 ©06/0|0 0|0
Auriat 2010 o 00O O 0|0 O O
Takamatsu 2010 0 Q 0 6 ° c 9
Ishida 2011 O 0 O 0O O 0|00
MacLellan 2011 O 00 O O 0 0|0 |0
Mestriner 2011 0 0 6 0 ° Q e 0
Kim 2012 [+ [+) O 0|0 0O
Santos 2013 © | 0O O 0| OO
Caliaperumal 2014 0 0 0 e 0 ° 6 e 0 9
Tamakoshi 2014 ) (+) 0O 0 0|0 | O
Yong 2014 0 ° 0 0 6 0 °
Ishida 2015 [+) OO 006
Ishida 2016 -+ I+ O 0|0 O O
Takamatsu 2016 Q Q e Q 6 Q Q 0
Tamakoshi 2016 [+ [+) O O 0 O 6
Tamakoshi 2017 ) [+ 0O O 0|0 6
Tamakoshi 2018 [+ [+) O O 0 06
Sato 2020 [+ O 0 | OO
Tamakoshi 2020 [+) [+ 0O O 0|0 |0
Xu 2020 Q000 |© 010 0|0
Tamakoshi 2021 [+) [+ O 0O 0| 0|0 | O
Fedor 2022 0100|000 0|00
Inoue 2022 ) QO 0 0|0
Li 2022 [+ (+) 0O 0 000
Tamakoshi 2022 [+) [+ 0O O 0|00

CAMARADES Checklist ltem

1: Peer reviewed

2: Temperature control during ICH surgery
3: Reported random allocation to groups
4: Blinded ICH induction OR post-ICH randomization

5: Blinded outcome assessments

6: Used anaesthetic(s) without intrinsic neuroprotective effects
7: Included comorbidities relevant to ICH

8: Described sample size calculation

9: Statement on compliance with animal welfare regulations
10: Explicit conflict of interest statement
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Figure A-1 Individual article ratings for assessment of compliance with 10 item
CAMARADES checklist. Articles were rated as yes, unclear, or no for their compliance
on each item. A rating of unclear was given when reviewers deemed there was
insufficient and/or inconsistent reporting of detail to accurately judge compliance with
the checklist item. Article quality ranged considerably (scores of 2-8), with a median
score of 4
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SYRCLE Risk of Bias Domain
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SYRCLE Risk of Bias Domain

1: Sequence generation (Selection bias)
2: Baseline characteristics (Selection bias)
3: Allocation concealment (Selection bias)
4: Random housing (Performance bias)

5: Caregiver blinding (Performance bias)

6: Random outcome assessment (Detection bias)
7: Blinding (Detection bias)

8: Incomplete outcome assessment (Attrition bias)
9: Selective outcome reporting (Reporting bias)
10: Other sources of bias (Other)
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Figure A-2 Individual article ratings for SYRCLE Risk of Bias tool. Articles were rated
for each domain as low-, unclear-, or high risk. Caregiver blinding (performance bias)
was not rated, as it is near impossible for preclinical researchers to be blinded to
rehabilitation delivery. A rating of unclear was given when reviewers deemed there was
insufficient and/or inconsistent reporting of detail to accurately judge compliance with
the signalling questions for a domain. Risk of bias was predominately unclear, as articles
often lacked sufficient detail to determine how/if risk of bias was minimized
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
CIMT+FLU :
DeBow 2003a (FLU) 4765 3635 9.00 3460 2867  3.66 3.3% 0.35[-0.88; 1.58) —
DeBow 2003b (CIMT) 77.24 2646 11.00 3460 2867  3.67 2.9% 1.49[0.15; 2.82) ——
MacLellan 2005 (CIMT) 1344 1233 1500 1282 1276 15.00 7.3% 0.05 [-0.67; 0.76) —
Ishida 2011 (FLU) 720 509 800 250 390 9.00 4.4% 0.99 [-0.03; 2.02] b
Total (95% CI) 43.00 3133 17.9% 0.59 [-0.04; 1.23] -
Heterogeneity: Tau? = 0.15; Chi® = 4.57, df = 3 (P = 0.21); I = 34% i

Test for overall effect: Z = 1.83 (P = 0.07)

ENRICHED REHABILITATION

Auriat 2008 (ER) 37.98 2655 1200 4921 3058 10.00 5.8% -0.38 [-1.23; 0.47] —

Auriat 2009 (ER) 771 256 16.00 479 298 16.00 7.0% 1.02[0.28; 1.77] _—
Auriat 2010a (ER) 620 213 13.00 334 234 13.00 5.8% 1.24[0.39; 2.09] o
Auriat 2010b (ER) 1012 228 16.00 7.10 268 16.00 6.8% 1.18[0.42; 1.94) e
MacLellan 2011 (ER) 820 488 1600 372 393 14.00 6.7% 0.98[0.21; 1.74] —_—
Caliaperumal 2014 (ER) 1141 374 11.00 661 278 11.00 4.9% 1.40[ 0.45; 2.35] i
Fedor 2022a (ER) 767 236 13.00 664 296 9.00 5.7% 0.38 [-0.48; 1.24] —(=—
Fedor 2022b (ER) 979 439 1300 732 3.84 11.00 6.1% 0.57 [-0.25; 1.40] 1
Fedor 2022c (ER) 8.88 260 2300 847 369 1150 7.4% 0.13[-0.57; 0.84] ——
Fedor 2022d (ER) 996 292 2100 847 369 11.50 7.1% 0.45[-0.28; 1.18) -
Total (95% ClI) 154.00 123.00 63.3% 0.69 [ 0.35; 1.03] -
Heterogeneity: Tau? = 0.13; Chi® = 16.15, df = 9 (P = 0.06); I° = 44%

Test for overall effect: Z = 3.99 (P < 0.01)

SKILLED REACHING g
Mestriner 2011a (REACH) 65.37 9.91 1200 4743 1209 6.00 3.7% 1.61[0.46; 2.75] ——
OTHER :
DeBow 2003c (EX) 4283 2119  9.00 3460 2867 367 3.3% 0.33 [-0.90; 1.55] ——
Nguyen 2008 (EE) 36.20 1899 1400 2582 1896 16.00 7.1% 0.53 [-0.20; 1.26] ——
Mestriner 2011b (WALK)  53.14 1098 1200 47.43 1209  6.00 4.6% 0.48 [-0.52; 1.48) =
Total (95% CI) 35.00 25,67 15.0% 0.48 [-0.05; 1.01] -
Heterogeneity: Tau® = 0; Chi” = 0.08, df = 2 (P = 0.96); I = 0% :

Test for overall effect: Z = 1.77 (P = 0.08)

Total (95% Cl) 244.00 186.00 100.0% 0.67 [ 0.42; 0.91] +*
Heterogeneity: Tau® = 0.08; Chi® = 24.25, df = 17 (P = 0.11); I> = 30% f T T !
Test for overall effect: Z = 5.32 (P < 0.01) -4 -2 0 2 4

Favours CONTROL Favours REHAB

Figure A-3 Forest plot of the sensitivity analysis conducted to evaluate the impact of
research quality on recovery of skilled reaching. Interventions from articles with a
CAMARADES score of 0-3 were removed (n=6) and random-effects meta-analysis was
conducted (n=18). We observed a similar overall treatment effect [SMD 0.67 (95% CI
0.42-0.91), p<0.01] to our original model and found removing low quality studies
significantly reduced heterogeneity (12=30%, p=0.11). Effect sizes presented as Hedge’s
G standardized mean difference (SMD) with 95% CI
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Standardized Mean Difference (SMD)

Figure A-4 Funnel plot of skilled reaching data (Figure 3-3). Egger regression
indicated the presence of asymmetry in the dataset (p<0.01); therefore, trim-and-fill
analysis was conducted. Filled circles represent real data (n=24), open circles represent
hypothetical data added through trim-and-fill analysis (n=5). All additional data points
were added in the bottom left quadrant, suggesting null or negative data may be absent
in our original model, likely due to reporting and/or publication bias. Random-effects
meta-analysis of the trim-and-fill model (n=29) produced a smaller treatment effect
[SMD 0.59 (95% CI 0.32-0.87), p<0.01] than our original model [SMD 0.75 (95% CI
0.50-1.00)]. Effect sizes presented as Hedge’s G standardized mean difference (SMD)
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Total

Weight

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% ClI

Study or REHABILITATION CONTROL
Subgroup Mean SD Total Mean SD
PELLETS RETRIEVED [MONTOYA STAIRCASE]

Auriat 2006 (AE) 17.02 23.2 17.00 14.58 10.51
Auriat 2009 (ER) 771 2 56 16.00 479 298
Auriat 2010a (ER) 6.20 213 13.00 334 234
Auriat 2010b (ER) 1012 228 16.00 710 268
Santos 2013a (REACH) 1447 1.78 8.00 863 1.73
Santos 2013b (WALK) 10.44 0.76 8.00 863 173
Caliaperumal 2014 (ER) 11.41 3.74 11.00 6.61 2.78
Fedor 2022a (ER) 767 236 13.00 6.64 2.96
Fedor 2022b (ER) 979 439 1300 732 384
Fedor 2022¢ (ER) 8.88 260 23.00 8.47 3.69
Fedor 2022d (ER) 9.96 292 21.00 8.47 3.69
Total (95% CI) 159.00

Heterogeneity: Tau® = 1.11; Chi® = 18.51, df = 10 (P = 0.05); I* = 46%
Test for overall effect: Z=5.53 (P < 0.01)

PELLETS RETRIEVED [SINGLE PELLET TASK]

Ishida 2011 (FLU) 720 509 800 250 3.90
MacLellan 2011 (ER) 820 488 1600 372 393
Total (95% Cl) 24.00

Heterogeneity: Tau® = 0; Chi® = 0.01, df = 1 (P = 0.94); I* = 0%
Test for overall effect: Z = 3.50 (P < 0.01)

Total (95% Cl) 183.00
Heterogeneity: Tau® = 1.02; Chi? = 20.42, df = 12 (P = 0.06); I = 41%
Test for overall effect: Z = 6.31 (P < 0.01)

17.00
16.00
13.00
16.00
4.00
4.00
11.00
9.00
11.00
11.50
11.50
124.00

9.00
14.00
23.00

147.00

0.5%
10.3%
11.4%
11.4%

9.5%
11.1%

6.8%

8.4%

5.3%

8.2%

7.8%
90.9%

3.4%
5.7%
9.1%

100.0%

2.4 [-9.69; 14.57]
2.92[1.00; 4.84]
2.86 [ 1.14; 4.58]
3.02 [ 1.30; 4.74]
5.84 [ 3.74; 7.94]
1.81[0.03; 3.59]
4.80 [ 2.05; 7.55]
1.03 [-1.29; 3.35]
2.47 [-0.82; 5.76]
0.41[-1.97; 2.79]
1.49 [-0.98; 3.96]
2.68 [ 1.73; 3.63]

4.70[0.35; 9.05]
4.48[1.32; 7.64]
4.56 [ 2.00; 7.11]

2.85[1.97; 3.74]

-

T T

-10 -5 0 5
Favours CONTROL Favours REHAB

Number of pellets retrieved

Figure A-5 Forest plot of the post-hoc random-effects meta-analysis of interventions
that reported the number of pellets retrieved in their respective skilled reaching
endpoints (n=13). Rehabilitation improved skilled reaching success [MD 2.85 pellets
retrieved (95% CI 1.97-3.74), p<0.01; SMD 0.82 (95% CI 0.51-1.13), p<0.01] to a similar
extent as observed in our full analysis [SMD 0.75 (95% CI 0.50-1.01), p<0.01]. While an
overall treatment effect is evident, the mean difference in pellets retrieved between
treated and untreated animals fails to reach or exceed the 3-pellet threshold we have
argued to be of functional importance (i.e., one level of Montoya staircase). Effect sizes
presented as mean difference (MD), number of pellets retrieved, with 95% CI
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Study or REHABILITATION CONTROL Mean Difference Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
CIMT+FLU H

DeBow 2003a (FLU) 17.59 19.06 9.00 1257 15.08 3.66 4.1% 5.02 [-14.82; 24.86] — T

DeBow 2003b (CIMT) 30.37 22.20 11.00 1257 15.08 3.67 4.0% 17.80 [ -2.45; 38.05] —
MaclLellan 2005 (CIMT) 2464 16.89 1500 13.73 16.54 15.00 7.4% 10.91 [ -1.05; 22.87] T— =
Ishida 2011 (FLU) 30.60 10.18 8.00 2530 3.00 9.00 10.4% 5.30[-2.02; 12.62] =

Total (95% ClI) 43.00 3133 26.0% 7.55[ 1.84; 13.27] -
Heterogeneity: Tau® = 0; Chi® = 1.71, df = 3 (P = 0.63); I’ = 0% :
Test for overall effect: Z = 2.59 (P < 0.01)

ENRICHED REHABILITATION

Auriat 2009 (ER) 23.67 1468 16.00 3442 13.08 16.00 8.9% -10.75[-20.38; -1.12] ——|
Auriat 2010a (ER) 3544 1590 13.00 34.85 1590 13.00 7.3% 0.59 [-11.63; 12.81] —a—
Auriat 2010b (ER) 42.03 30.28 16.00 38.92 21.88 16.00 4.6% 3.11[-15.20; 21.42] —
Total (95% CI) 45.00 45.00 20.8% -4.18 [-13.03; 4.67] ——

Heterogeneity: Tau® = 19.84; Chi® = 2.93, df = 2 (P = 0.23); I = 32%
Test for overall effect: Z =-0.93 (P = 0.35)

SKILLED REACHING :
Mestriner 2011a (REACH) 3793 547 1200 2543 547 6.00 11.7% 12.50 [ 7.14; 17.86] i

Kim 2012a (REACH) 4513 1053 1500 2508 6.70 7.50 10.5% 20.05[12.88; 27.22] P
Kim 2012b (REACH-Ipsi) 36.14 10.22 15.00 2508 6.70 7.50 10.6% 11.06 [ 4.01; 18.11] ——
Total (95% CI) 42.00 21.00 32.9% 14.30 [ 9.22; 19.39] | -

Heterogeneity: Tau® = 9.32; Chi’ = 3.7, df = 2 (P = 0.16); I* = 46%
Test for overall effect: Z = 5.51 (P < 0.01)

OTHER :

DeBow 2003c (EX) 3539 3937 900 1257 1508 367  2.2% 22.82[-7.17; 52.81] —
Nguyen 2008 (EE) 28.31 1646 1400 2308 2154 1600  6.5% 523 [ -8.40; 18.86] — =
Mestriner 2011b (WALK) 28.69 5.82 12.00 2543 547 6.00 11.7% 3.26 [ -2.22; B8.74] T

Total (95% CI) 35.00 25.67  20.4% 4.07 [ -0.94; 9.08] -
Heterogeneity: Tau® = 0; Chi® = 1.61, df = 2 (P = 0.45); I = 0% H
Test for overall effect: Z = 1.59 (P = 0.11)

Total (95% Cl) 165.00 123.00  100.0% 7.49[ 2.66; 12.31] -

Heterogeneity: Tau® = 44.16; Chi® = 36.22, df = 12 (P < 0.01); I* = 67% T T 1
Test for overall effect: Z = 3.04 (P < 0.01) -30 -20 <10 0 10 20 30

Favours CONTROL Favours REHAB
% change in impaired forelimb use

Figure A-6 Forest plot of the sensitivity analysis conducted to evaluate the impact of
research quality on recovery of spontaneous impaired forelimb use. Interventions from
articles with a CAMARADES score of 0-3 were removed (n=2) and random-effects
meta-analysis was conducted (n=13). We observed a similar overall treatment effect
[MD 7.49% increase in impaired forelimb use (95% CI 2.66-12.31), p<0.01] to our
original model; removing low quality studies did not improve heterogeneity (12=67%,
p<0.01). Effect sizes presented as mean difference (MD), percent change in impaired
forelimb use, with 95% CI
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Standard Error

Figure A-7 Funnel plot of spontaneous impaired forelimb use data (Figure 3-4). Egger
regression did not indicate the presence of asymmetry in the dataset (p>0.05), therefore
trim-and-fill analysis was not completed. Effect sizes presented as mean difference

10

15

©

Mean Difference (MD)

(MD), percent change in impaired forelimb use
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
CIMT+FLU i
DeBow 2003a (FLU) -21.79 7.56 9.00 -2428 9.25 3.66 4.5% 0.29 [-0.93; 1.51] ——
DeBow 2003b (CIMT) -1453 9.05 11.00 -2428 9.25 3.67 4.4% 1.01 [-0.25; 2.26] —E—
MacLellan 2005 (CIMT) -12.30 922 1500 -12.04 895 15.00 8.2% -0.03 [-0.74; 0.69] —=

Ishida 2011 (FLU) 66.20 16.97 8.00 4220 24.00 9.00 5.6% 1.08 [ 0.05; 2.12] =
Total (95% CI) 43.00 31.33 22.7% 0.48 [-0.10; 1.06] -
Heterogeneity: Tau® = 0.09; Chi® = 3.96, df = 3 (P = 0.27); I° = 24% 3

Test for overall effect: Z=1.62 (P =0.11)

ENRICHED REHABILITATION s

Auriat 2008 (ER) 2402 989 1200 1587 14.89 10.00 6.9% 0.63 [-0.23; 1.50] T
Auriat 2009 (ER) 8541 11.04 16.00 80.20 14.68 16.00 8.4% 0.39 [-0.31; 1.09] o
Auriat 2010a (ER) -17.45 17.02 13.00 -34.38 17.52 13.00 7.3% 0.95[0.13;1.77] —
Auriat 2010b (ER) -10.65 12.04 16.00 -32.71 11.04 16.00 7.0% 1.86 [ 1.02; 2.71] —i—
Caliaperumal 2014 (ER) 96.54 440 11.00 69.74 17.17 11.00 5.4% 2.06[0.99; 3.13] i—il—
Fedor 2022a (ER) 9346 693 13.00 9184 550 9.00 7.0% 0.24 [-0.61; 1.10] —
Fedor 2022b (ER) 9534 878 10.00 100.00 0.00 11.00 0.0% i

Total (95% Cl) 91.00 86.00 41.9% 0.98 [ 0.40; 1.56] -

Heterogeneity: Tau® = 0.34; Chi® = 14.13, df = 5 (P = 0.01); I* = 65%
Test for overall effect: Z = 3.30 (P < 0.01)

SKILLED REACHING g
Mestriner 2011a (REACH) -1562 4.16 12.00 -3245 13.61 6.00 4.6% 1.92[0.71; 3.13] ——
Kim 2012a (REACH) -31.00 1247 1500 -49.10 10.91 7.50 5.9% 1.45[0.46; 2.44] —i—

Kim 2012b (REACH-lpsi) -39.98 10.38 15.00 -49.10 10.91 7.50 6.5% 0.83 [-0.08; 1.75] T

Total (95% Cl) 42.00 21.00  17.0% 1.31[0.71; 1.92) -
Heterogeneity: Tau” = 0.01; Chi” = 2.1, df = 2 (P = 0.35); I = 5%

Test for overall effect: Z = 4.26 (P < 0.01) i

OTHER :

DeBow 2003c (EX) -20.50 13.73 9.00 -2428 9.25 3.67 4.5% 0.27 [-0.95; 1.50] fE——
Nguyen 2008 (EE) 8259 995 14.00 75.82 1247 16.00 8.0% 0.58 [-0.15; 1.31] e
Mestriner 2011b (WALK) -24.76 16.94 12,00 -3245 13.61 6.00 5.9% 0.46 [-0.54; 1.45] —E—

Total (95% Cl) 35.00 2567  18.5% 0.49 [-0.04; 1.02] -
Heterogeneity: Tau? = 0; Chi’ = 0.18, df = 2 (P = 0.91); I = 0%

Test for overall effect: Z = 1.80 (P = 0.07)

Total (95% CI) 211.00 164.00 100.0% 0.83[0.52; 1.15] -
Heterogeneity: Tau® = 0.18; Chi® = 27.25, df = 15 (P = 0.03); I = 45% ‘ ' ' ‘
Test for overall effect: Z = 5.20 (P < 0.01) -4 -2 0 2 4

Favours CONTROL Favours REHAB

Figure A-8 Forest plot of the sensitivity analysis conducted to evaluate the impact of
research quality on recovery of locomotor function. Interventions from articles with a
CAMARADES score of 0-3 were removed (n=10) and random-effects meta-analysis was
conducted (n=16). We observed a similar overall treatment effect [SMD 0.83 (95% CI
0.52-1.15), p<0.01] to our original model and found removing low quality studies
somewhat reduced heterogeneity (I12=45%, p=0.03). Effect sizes presented as Hedge’s G
standardized mean difference (SMD) with 95% CI
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Standardized Mean Difference (SMD)

Figure A-9 Funnel plot of locomotor function data (Figure 3-5). Egger regression did
not indicate the presence of asymmetry in the dataset (p>0.05), therefore trim-and-fill
analysis was not completed. Effect sizes presented as Hedge’s G standardized mean
difference (SMD)

323



Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
MILD 3

Auriat 2010b [ER] 10.12 228 16.00 710 268 16.00 5.3% 1.18[0.42; 1.94] L
Ishida 2011 [FLU] 720 509 800 250 390 9.00 3.8% 0.99 [-0.03; 2.02] —=—
Ishida 2015a [FLU] 2830 2178 800 710 13.80  9.00 3.7% 1.12[0.08; 2.16] ——
Ishida 2015b [FLU] 2130 7.84 6.00 1230 1800  9.00 3.7% 0.57 [-0.49; 1.63] e

Total (95% CI) 38.00 43.00 16.5% 1.01 [ 0.54; 1.48] -
Heterogeneity: Tau” = 0; Chi” = 0.92, df = 3 (P = 0.82); I = 0%

Test for overall effect: Z = 4.19 (P < 0.01) :
MODERATE :

DeBow 2003a [FLU] 4765 3635 9.00 3460 2867  3.66 3.0% 0.35 [-0.88; 1.58] —qE—
DeBow 2003b [CIMT] 77.24 2646 11.00 3460 2867 367 2.7% 1.49[0.15; 2.82] —
DeBow 2003c [EX] 4283 2119  9.00 3460 2867  3.67 3.0% 0.33 [-0.90; 1.55] R
Auriat 2008 [ER] 37.98 2655 12.00 4921 3058 10.00 4.7% -0.38 [-1.23; 0.47) e

Auriat 2009 [ER] 771 256 16.00 479 298 16.00 5.4% 1.02[0.28; 1.77] —
Mestriner 2011a [REACH] 65.37 9.91 12.00 4743 1209  6.00 3.3% 1.61[0.46; 2.75] ——
Mestriner 2011b [WALK] 53.14 1098 12,00 4743 12.09 6.00 3.9% 0.48 [-0.52; 1.48] =

Fedor 2022¢ [ER] 888 2,60 23.00 847 369 11.50 5.6% 0.13 [-0.57; 0.84] e

Fedor 2022d [ER] 996 292 2100 847 369 11.50 5.5% 0.45 [-0.28; 1.18] 1=

Total (95% Cl) 125.00 7200 37.2% 0.54 [ 0.14; 0.94] -
Heterogeneity: Tau” = 0.14; Chi® = 12.92, df = 8 (P = 0.11); I° = 38% ;

Test for overall effect: Z = 2.64 (P < 0.01) :
SEVERE ;
MacLellan 2005 [CIMT] 13.44 1233 1500 12.82 1276 15.00 5.6% 0.05 [-0.67; 0.76] 8-

Auriat 2006 [AE] 17.02 2326 17.00 1458 10.51 17.00 5.9% 0.13 [-0.54; 0.81] 4B

Nguyen 2008 [EE] 36.20 1899 14.00 2582 1896 16.00 5.5% 0.53 [-0.20; 1.26] 1=

Total (95% CI) 46.00 48.00 16.9% 0.23 [-0.18; 0.64] -
Heterogeneity: Tau® = 0; Chi® = 0.99, df = 2 (P = 0.61); I* = 0% |

Test for overall effect: Z = 1.10 (P = 0.27) :
UNCLEAR

Auriat 2010a [ER] 620 213 13.00 334 234 13.00 4.7% 1.24[0.39; 2.09] ——
MacLellan 2011 [ER] 820 488 16.00 372 393 14.00 5.2% 0.98[0.21; 1.74] S
Santos 2013a [REACH] 1447 178 800 8683 173 400 1.5% 3.05[ 1.15; 4.95] P ——
Santos 2013b [WALK] 1044 076 800 863 173  4.00 2.5% 1.46[0.07; 2.86] —
Caliaperumal 2014 [ER] 1141 374 1100 661 278 11.00 4.2% 1.40[ 0.45; 2.35] ——
Ishida 2016 [FLU] 4220 10.05 7.00 10.00 10.06  6.00 1.8% 2.98[1.24;4.72) P
Fedor 2022a [ER] 767 236 13.00 664 296 9.00 4.7% 0.38 [-0.48; 1.24] ——

Fedor 2022b [ER] 979 439 1300 7.32 3.84 11.00 4.9% 0.57 [-0.25; 1.40] e

Total (95% CI) 89.00 72.00  29.5% 1.22[0.70; 1.73] -
Heterogeneity: Tau® = 0.25; Chi’ = 13.66, df = 7 (P = 0.06); I = 49% :

Test for overall effect: Z = 4.63 (P <0.01)

Total (95% CI) 298.00 235.00 100.0% 0.75 [ 0.50; 1.01] *
Heterogeneity: Tau® = 0.17; Chi’ = 41.51, df = 23 (P = 0.01); I* = 45% f ‘ f !
Test for overall effect: Z=5.78 (P < 0.01) -4 -2 0 2 4

Favours CONTROL Favours REHAB

Figure A-10 Forest plot of random-effects meta-analysis of skilled reaching recovery
grouped by lesion size reported in the study’s untreated control group. Severity was
grouped into mild [<30 mm3], moderate [31-60 mma3], severe [>61 mm3], and
UNCLEAR. Rehabilitation improved skilled reaching recovery in animals with mild and
moderate, but not severe ICH. Effect sizes presented as Hedge’s G standardized mean
difference (SMD) with 95% CI
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Study or REHABILITATION CONTROL Mean Difference Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
MILD 1

Auriat 2010b (ER) 42,03 30.28 16.00 3892 21.88 16.00 3.7% 3.11[-15.20; 21.42] —

Ishida 2011 (FLU) 30.60 10.18 8.00 2530 3.00 9.00 8.7% 5.30[-2.02; 12.62] T

Total (95% CI) 24.00 25.00 12.4% 5.00 [ -1.80; 11.80] ~f—
Heterogeneity: Tau® = 0; Chi® = 0.05, df = 1 (P = 0.83); I = 0% 3
Test for overall effect: Z = 1.44 (P = 0.15)

MODERATE :

DeBow 2003a (FLU) 17.59 19.06 9.00 1257 15.08 3.66 3.3% 5.02 [-14.82; 24.86] e
DeBow 2003b (CIMT) 30.37 2220 11.00 1257 15.08 3.67 3.2% 17.80 [ -2.45; 38.05] T
DeBow 2003c (EX) 35.39 39.37 9.00 12,57 15.08 3.67 1.7% 22.82[-7.17;52.81] — %
Auriat 2009 (ER) 23.67 14.68 16.00 3442 13.08 16.00 7.3% -10.75[-20.38; -1.12] — |
Mestriner 2011a (REACH) 3793 547 12.00 2543 547 6.00 9.9% 12.50 [ 7.14; 17.86] ——
Mestriner 2011b (WALK) 2869 582 1200 2543 547 6.00 9.8% 3.26[-2.22; 8.74] T

Total (95% CI) 69.00 39.00 35.3% 5.78 [ -3.02; 14.58] ——
Heterogeneity: Tau? = 72.99; Chi? = 20.74, df = 5 (P < 0.01); I? = 76% 3
Test for overall effect: Z = 1.29 (P = 0.20)

SEVERE 5
MacLellan 2005 (CIMT) 2464 16.89 15.00 13.73 16.54 15.00 6.1% 10.91[ -1.05; 22.87] T
Auriat 2006 (AE) 9.67 895 17.00 9.98 14.31 17.00 8.3% -0.31[-8.33; 7.71] ——
Nguyen 2008 (EE) 2831 1646 1400 23.08 2154 1600  5.3% 5.23 [ -8.40; 18.86] -
Total (95% Cl) 46.00 48.00 19.7% 3.93[-2.81; 10.68] ——_—

Heterogeneity: Tau® = 6.35; Chi* = 2.4, df =2 (P = 0.30); I = 17%
Test for overall effect: Z = 1.14 (P = 0.25)

UNCLEAR g

Auriat 2010a (ER) 3544 1590 13.00 3485 1590 13.00 6.0% 0.59 [-11.63; 12.81] —

Kim 2012a (REACH) 4513 1053 1500 2508 670 7.50  8.8%  20.05[ 12.88; 27.22] e
Kim 2012b (REACH-Ipsi) ~ 36.14 1022 1500 2508 670 750  89%  11.06[ 4.01;18.11] e
Takamatsu 2016 (AE) 3895 1137 14.00 36.89 7.30 14.00 8.9% 2.06 [-5.02; 9.14] —--

Total (95% CI) 57.00 42.00 32.5% 8.95[ 0.06; 17.85] —
Heterogeneity: Tau® = 64.10; Chi® = 14.75, df = 3 (P < 0.01); I = 80% :
Test for overall effect: Z = 1.97 (P = 0.05)

Total (95% Cl) 196.00 154.00  100.0% 6.36 [ 2.09; 10.64] -

Heterogeneity: Tau? = 40.75; Chi® = 42.03, df = 14 (P < 0.01); I = 67% T L
Test for overall effect: Z = 2.92 (P < 0.01) -30 -20 <10 0 10 20 30

Favours CONTROL Favours REHAB
% change in impaired forelimb use

Figure A-11 Forest plot of random effects meta-analysis of recovery of spontaneous
impaired forelimb use grouped by lesion size reported in the study’s untreated control
group. Severity was grouped into mild [<30 mms3], moderate [31-60 mm3], severe [>61
mm3], and UNCLEAR. While rehabilitation increased spontaneous impaired forelimb
use, there was no discernable effect of rehabilitation in groups with known severity.
Effect sizes presented as mean difference (MD), percent change in impaired forelimb
use, with 95% CI
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
MILD g

Auriat 2010b (ER) -10.65 12.04 16.00 -32.71 11.04 16.00 5.1% 1.86 [ 1.02; 2.71] ——
Ishida 2011 (FLU) 66.20 16.97  8.00 4220 24.00  9.00 4.0% 1.08 [ 0.05; 2.12] =
Ishida 2015a (FLU) 920 509 800 -2000 690  9.00 3.6% 1.67[0.53; 2.82] e
Ishida 2015b (FLU) -1250 220 6.00 -1850 7.50  9.00 3.8% 0.93 [-0.17; 2.04] T
Total (95% Cl) 38.00 43.00 16.5% 1.45[ 0.94; 1.95] -
Heterogeneity: Tau® = 0; Chi” = 2.37, df = 3 (P = 0.50); I = 0%

Test for overall effect: Z = 5.60 (P < 0.01) H
MODERATE
DeBow 2003a (FLU) 2179 756 900 -2428 925 366 3.3% 0.29 [-0.93; 1.51] —E—
DeBow 2003b (CIMT) -1453 905 1100 -2428 925 367 3.2% 1.01 [-0.25; 2.26] T—F—
DeBow 2003c (EX) -20.50 1373  9.00 -2428 925 367 3.3% 0.27 [-0.95; 1.50] —
Auriat 2008 (ER) 2402 989 1200 1587 14.89 10.00 5.0% 0.63 [-0.23; 1.50] T
Auriat 2009 (ER) 85.41 11.04 16.00 80.20 1468 16.00 6.0% 0.39 [-0.31; 1.09] R
Mestriner 2011a (REACH) -1562 4.16 12.00 -3245 13.61 6.00 3.3% 1.92[0.71; 3.13] —
Mestriner 2011b (WALK) -24.76 16.94 1200 -3245 13.61 6.00 4.3% 0.46 [-0.54; 1.45] ———
Total (95% CI) 81.00 49.00 28.3% 0.63 [ 0.25; 1.01] -
Heterogeneity: Tau® = 0; Chi’ = 5.91, df = 6 (P = 0.43); I* = 0% :

Test for overall effect: Z = 3.28 (P < 0.01) :
SEVERE :
MacLellan 2005 (CIMT) -1230 922 15.00 -12.04 895 15.00 5.9% -0.03 [-0.74, 0.69] -

Auriat 2006 (AE) -11.04 1093 17.00 -12.74 11.59 17.00 6.2% 0.15 [-0.53; 0.82] -
Nguyen 2008 (EE) 8259 995 14.00 7582 1247 16.00 5.8% 0.58 [-0.15; 1.31] 1

Total (95% CI) 46,00 48.00 18.0% 0.22 [-0.18; 0.63] -
Heterogeneity: Tau” = 0; Chi’ = 1.43, df = 2 (P = 0.49); I* = 0% :

Test for overall effect: Z = 1.08 (P = 0.28) :
UNCLEAR

Auriat 2010a (ER) -17.45 17.02 13.00 -34.38 17.52 13.00 5.3% 0.95[0.13; 1.77] S
Kim 2012a (REACH) -31.00 1247 1500 -49.10 1091 7.50 4.3% 1.45[0.46; 2.44] ———
Kim 2012b (REACH-lpsi) -39.98 10.38 15.00 -49.10 10.91 7.50 4.7% 0.83 [-0.08; 1.75] e
Caliaperumal 2014 (ER) 96.54 440 11.00 69.74 17.17 11.00 3.9% 2.06[0.99; 3.13] —
Tamakoshi 2014 (AT) 49.42 17.44  6.00 4586 21.81 8.00 3.9% 0.17 [-0.90; 1.23] ——
Ishida 2016 (FLU) 760 450 7.00 -1880 470  6.00 2.4% 2.27[0.77; 3.77] —
Tamakoshi 2018a (AE) 1437 758 800 -1665 1140 266 2.7% 0.25 [-1.15; 1.64] e
Tamakoshi 2018b (AE) -1048 558 6.00 -16.65 1140 267 2.4% 0.73 [-0.78; 2.24] e
Tamakoshi 2018¢ (AE) -1826 9.21 6.00 -16.65 11.40 267 2.6% -0.14 [-1.59; 1.30] —a—
Fedor 2022a (ER) 9346 693 1300 9184 550 9.00 5.0% 0.24 [-0.61; 1.10] i

Fedor 2022b (ER) 9534 878 10.00 100.00 0.00 11.00 0.0% ;

Total (95% Cl) 110.00 81.00 37.2% 0.88 [ 0.41; 1.34] ->
Heterogeneity: Tau? = 0.23; Chi® = 15.89, df = 9 (P = 0.07); I> = 43% :

Test for overall effect: Z=3.71 (P < 0.01)

Total (95% CI) 275.00 221.00 100.0% 0.79[0.52; 1.06] : + : 1

Heterogeneity: Tau® = 0.18; Chi® = 40.10, df = 23 (P = 0.01); I = 43%
Test for overall effect: Z = 5.76 (P < 0.01)
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Figure A-12 Forest plot of random-effects meta-analysis of locomotor recovery
grouped by lesion size reported in the study’s untreated control group. Severity was
grouped into mild [<30 mm3], moderate [31-60 mma3], severe [>61 mms3], and
UNCLEAR. Rehabilitation improved locomotor recovery in animals with mild and
moderate, but not severe ICH. Effect sizes presented as Hedge’s G standardized mean
difference (SMD) with 95% CI
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

FLU [56 HOURS] i

DeBow 2003a [FLU] 4765 3635 9.00 3460 28.67 3.66 13.1% 0.35 [-0.88; 1.58] —_-—

CIMT [FLU 56 HOURS + EX 7 HOURS] :

DeBow 2003b [CIMT] 77.24 2646 11.00 3460 2867 367 11.9% 1.49[0.15; 2.82) —

MacLellan 2005 [CIMT] 13.44 1233 1500 1282 1276 15.00 20.4% 0.05 [-0.67; 0.76] —-——

Total (95% Cl) 26.00 18.67 32.3% 0.65 [-0.74; 2.04] ——

Heterogeneity: Tau’ = 0.74; Chi® = 3.46, df = 1 (P = 0.06); I = 71% ;

Test for overall effect: Z=0.92 (P = 0.36) :

FLU [168 HOURS]

Ishida 2011 [FLU] 7.20 5.09 8.00 250 3.90 9.00 15.7% 0.99 [-0.03; 2.02] ——

Ishida 2015a [FLU] 2830 2178 800 7.10 1380 9.00 154% 1.12[0.08; 2.16] ——

Ishida 2015b [FLU] 2130 7.84 6.00 1230 18.00 9.00 15.2% 0.57 [-0.49; 1.63] T

Ishida 2016 [FLU] 4220 10.05 7.00 10.00 10.06 6.00 8.4% 2.98([1.24;4.72] |

Total (95% CI) 29.00 33.00 54.6% 1.21 [ 0.42; 2.00] e

Heterogeneity: Tau® = 0.29; Chi® = 5.49, df = 3 (P = 0.14); I = 45% i

Test for overall effect: Z = 3.00 (P < 0.01)

Total (95% Cl) 64.00 55.33 100.0% 0.90 [ 0.30; 1.50] -

Heterogeneity: Tau® = 0.32; Chi” = 12.38, df = 6 (P = 0.05); I = 52% f ! ! !

Test for overall effect: Z = 2.93 (P < 0.01) -4 -2 0 2 4
Favours CONTROL Favours REHAB

Study or REHABILITATION CONTROL Mean Difference Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

FLU [56 HOURS] :

DeBow 2003a (FLU) 1759 19.06 9.00 1257 15.08 3.66 8.3% 5.02 [-14.82; 24.86] —

CIMT [FLU 56 HOURS + EX 7 HOURS] :

DeBow 2003b (CIMT) 30.37 2220 11.00 12,57 15.08 3.67 8.0% 17.80 [ -2.45; 38.05] T—

MacLellan 2005 (CIMT) 2464 16.89 15.00 13.73 16.54 15.00 22.8% 10.91 [ -1.05; 22.87] T

Total (95% CI) 26.00 18.67 30.8% 12.69 [ 2.39; 22.99] ————

Heterogeneity: Tau’ = 0; Chi® = 0.33, df = 1 (P = 0.57); I’ = 0% 3

Test for overall effect: Z = 2.42 (P = 0.02)

FLU [168 HOURS] ;

Ishida 2011 (FLU) 30.60 10.18 800 2530 3.00 9.00 60.9% 5.30[-2.02; 12.62] T

Total (95% CI) 43.00 31.33 100.0% 7.55[ 1.84;13.27] —~—

Heterogeneity: Tau? = 0; Chi® = 1.71, df = 3 (P = 0.63); I = 0% T 7 L

Test for overall effect: Z = 2.59 (P < 0.01) -30 -20 -10 0 10 20 30
Favours CONTROL Favours REHAB

change in impaired forelimb use

Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI

FLU [56 HOURS] :

DeBow 2003a (FLU) -21.79 7.56 9.00 -24.28 9.25 366 13.0% 0.29 [-0.93; 1.51) ——

CIMT [FLU 56 HOURS + EX 7 HOURS] i

DeBow 2003b (CIMT) -1453 9.05 11.00 -24.28 9.25 367 12.6% 1.01 [-0.25; 2.26] T

MacLellan 2005 (CIMT) -12.30 9.22 15.00 -12.04 8.95 15.00 20.4% -0.03 [-0.74; 0.69] .

Total (95% CI) 26.00 18.67 33.0% 0.36 [-0.62; 1.34] -

Heterogeneity: Tau® = 0.26; Chi’ = 1.97, df = 1 (P = 0.16); I* = 49% :

Test for overall effect: Z=0.71 (P = 0.48) ‘

FLU [168 HOURS] :

Ishida 2011 (FLU) 66.20 16.97 8.00 4220 24.00 9.00 154% 1.08 [ 0.05; 2.12] —e—

Ishida 2015a (FLU) -9.20 5.09 8.00 -20.00 6.90 9.00 13.9% 1.67 [ 0.53; 2.82) ——

Ishida 2015b (FLU) -1250 220 6.00 -18.50 7.50 9.00 14.5% 0.93 [-0.17; 2.04] ——

Ishida 2016 (FLU) -760 450 7.00 -18.80 4.70 6.00 10.1% 2.27[0.77;3.77] ——

Total (95% CI) 29.00 33.00 54.0% 1.37 [ 0.79; 1.95] -

Heterogeneity: Tau® = 0; Chi” = 2.54, df = 3 (P = 0.47); I* = 0% :

Test for overall effect: Z = 4.62 (P < 0.01)

Total (95% CI) 64.00 55.33 100.0% 0.92 [ 0.33; 1.52] ‘ . - : ]

Heterogeneity: Tau? = 0.32; Chi® = 12.16, df = 6 (P = 0.06); I* = 51%
Test for overall effect: Z = 3.06 (P < 0.01)
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Figure A-13 Impact of treatment dose on recovery in CIMT+FLU interventions.
CIMT+FLU interventions were divided into three treatment doses: FLU (56 hours),
CIMT (FLU 56 hours + EX 7 hours), and FLU (168 hours). A Forest plot of random-
effects meta-analysis of skilled reaching recovery grouped by treatment dose; greater
time in restraint [FLU (168 hours)] significantly improved skilled reaching. B Forest
plot of random-effects meta-analysis of recovery of spontaneous impaired forelimb use
grouped by treatment dose; CIMT (FLU 56 hours + EX 7 hours) significantly increased
spontaneous impaired forelimb use. C Forest plot of random-effects meta-analysis of
locomotor recovery grouped by treatment dose; again, greater time in restraint [FLU
(168 hours)] significantly improved locomotor function. Effect sizes in A, C presented
as Hedge’s G standardized mean difference (SMD) with 95% CI; effect sizes in B
presented as mean difference (MD), percent change in impaired forelimb use, with 95%
CI
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% ClI
0-2500 METRES :
Tamakoshi 2018b (AE) -1048 558 6.00 -16.65 1140 267 12.0% 73 [-0.78; 2.24] —rr—
Tamakoshi 2018c (AE) -18.26 9.21 6.00 -16.65 11.40 2.67 13.2% .14 [-1.59; 1.30] ——

Total (95% CI) 12.00 534  25.2% .27 [0.77; 1.32] e
Heterogeneity: Tau’ = 0; Chi* = 0.67, df = 1 (P = 0.41); I* = 0% :

Test for overall effect: Z=0.51 (P = 0.61)

2501-5000 METRES :

Auriat 2006 (AE) -11.04 10.93 17.00 -12.74 11.59 17.00 60.6% .15[-0.53; 0.82] —
Tamakoshi 2018a (AE) -14.37 7.58 8.00 -16.65 11.40 2.66 14.2% .25[-1.15; 1.64] —1:
Total (95% CI) 25.00 19.66 74.8% 17 [-0.44; 0.77] )
Heterogeneity: Tau® = 0; Chi® = 0.02, df = 1 (P = 0.90); I> = 0% §

Test for overall effect: Z = 0.54 (P = 0.59)

Total (95% CI) 37.00 25.00 100.0%

Heterogeneity: Tau? = 0; Chi’ = 0.72, df = 3 (P = 0.87); I° = 0%

Test for overall effect: Z =0.72 (P = 0.47)

0.19[-0.33; 0.72]
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Figure A-14 Impact of treatment dose on recovery in AE interventions. AE

interventions were divided into two treatment doses: 0-2500 metres and 2501-5000
metres. AE did not improve locomotor recovery. Effect sizes presented as Hedge’s G
standardized mean difference (SMD) with 95% CI
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Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

EE [50-100 HOURS] + REACH [9-10 HOURS] i

Fedor 2022a [ER] 7.67 236 13.00 6.64 296 9.00 9.2% 0.38 [-0.48; 1.24] F

Fedor 2022b [ER] 9.79 439 13.00 732 384 11.00 9.7% 0.57 [-0.25; 1.40]

Fedor 2022c [ER] 8.88 260 23.00 847 369 1150 11.4% 0.13[-0.57; 0.84] —

Total (95% CI) 49.00 31.50  30.3% 0.34 [-0.12; 0.79] -

Heterogeneity: Tau? = 0; Chi® = 0.65, df = 2 (P = 0.72); I = 0%

Test for overall effect: Z = 1.45 (P = 0.15)

EE [100-150 HOURS] + REACH [10 HOURS]

Auriat 2009 [ER] 771 256 16.00 479 298 16.00 10.8% 1.02[0.28;1.77] e

Auriat 2010a [ER] 6.20 213 13.00 3.34 234 13.00 9.3% 1.24 [ 0.39; 2.09] =

Auriat 2010b [ER] 10.12 228 16.00 710 268 16.00 10.6% 1.18[0.42; 1.94] -

MacLellan 2011 [ER] 8.20 488 16.00 3.72 393 14.00 10.5% 0.98[0.21; 1.74] —

Caliaperumal 2014 [ER] 1141 3.74 11.00 6.61 278 11.00 8.1% 1.40[0.45; 2.35] i

Total (95% CI) 72.00 70.00  49.4% 1.14 [ 0.78; 1.50] -

Heterogeneity: Tau” = 0; Chi* = 0.62, df = 4 (P = 0.96); I = 0%

Test for overall effect: Z=6.23 (P <0.01)

EE [100-150 HOURS] + REACH [20 HOURS] :

Fedor 2022d [ER] 996 292 21.00 847 369 11.50 11.0% 0.45[-0.28; 1.18] -

EE [600 HOURS] + EX [1.5 HOURS] :

Auriat 2008 [ER] 37.98 26.55 12.00 4921 30.58 10.00 9.3% -0.38 [-1.23; 0.47) —fe-

Total (95% CI) 154.00 123.00 100.0% 0.69 [ 0.35; 1.03] -

Heterogeneity: Tau? = 0.13; Chi® = 16.15, df = 9 (P = 0.06); I = 44% ‘ ! T !

Test for overall effect: Z = 3.99 (P < 0.01) -4 -2 0 2 4
Favours CONTROL Favours REHAB

b Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI

EE [50-100 HOURS] + REACH [9-10 HOURS] :

Fedor 2022a (ER) 9346 6.93 13.00 9184 550 9.00 16.7% 0.24 [-0.61; 1.10] —_

Fedor 2022b (ER) 95.34 8.78 10.00 100.00 0.00 11.00 0.0% :

EE [100-150 HOURS] + REACH [10 HOURS] :

Auriat 2009 (ER) 85.41 11.04 16.00 80.20 1468 16.00 18.9% 0.39[-0.31; 1.09] —+—

Auriat 2010a (ER) -17.45 17.02 13.00 -34.38 1752 13.00 17.2% 0.95[0.13;1.77] —

Auriat 2010b (ER) -10.65 12.04 16.00 -32.71 11.04 1600 16.8% 1.86[1.02; 2.71] L

Caliaperumal 2014 (ER) 96.54 4.40 1100 69.74 1717 11.00 13.9% 2.06[0.99; 3.13] ——

Total (95% CI) 56.00 56.00 66.8% 1.26 [ 0.48; 2.04] ——

Heterogeneity: Tau® = 0.44; Chi® = 10.22, df = 3 (P = 0.02); I = 71% :

Test for overall effect: Z = 3.17 (P < 0.01)

EE [600 HOURS] + EX [1.5 HOURS] :

Auriat 2008 (ER) 2402 9.89 12.00 15.87 14.89 10.00 16.5% 0.63 [-0.23; 1.50] T

Total (95% Cl) 91.00 86.00 100.0% 0.98 [ 0.40; 1.56] -

Heterogeneity: Tau’ = 0.34; ChiZ = 14.13, df = 5 (P = 0.01); I = 65% : f T ‘

Test for overall effect: Z = 3.30 (P < 0.01) -4 -2 Q 2 4
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Figure A-15 Impact of treatment dose on recovery in ER interventions. ER
interventions were divided into four treatment doses based on time in EE and REACH:
EE (50-100 hours) + REACH (9-10 hours), EE (100-150 hours) + REACH (10 hours),
EE (100-150 hours) + REACH (20 hours), and EE (600 hours) + EX (1.5 hours). A
Forest plot of random-effects meta-analysis of skilled reaching recovery grouped by
treatment dose; only the moderate dose group [EE (100-150 hours) + REACH (10
hours)] significantly improved skilled reaching. B Forest plot of random-effects meta-
analysis of locomotor recovery grouped by treatment dose; again, only the moderate
dose group [EE (100-150 hours) + REACH (10 hours)] significantly improved locomotor
recovery. Effect sizes presented as Hedge’s G standardized mean difference (SMD) with
95% CI
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Study or REHABILITATION CONTROL Std. Mean Difference Std. Mean Difference

Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
CAMARADES SCORE [0-3] :

Auriat 2006 [AE] 17.02 2326 17.00 1458 10.51 17.00 5.9% 0.13 [-0.54; 0.81] N

Santos 2013a [REACH] 1447 1.78 8.00 863 1.73 4.00 1.5% 3.05[ 1.15; 4.95] f——
Santos 2013b [WALK] 1044 0.76 8.00 8.63 1.73 4.00 2.5% 1.46 [ 0.07; 2.86] ———
Ishida 2015a [FLU] 28.30 21.78 8.00 7.10 13.80 9.00 3.7% 1.12[ 0.08; 2.16] ——
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Ishida 2016 [FLU] 42.20 10.05 7.00 10.00 10.06 6.00 1.8% 2.98[1.24;4.72] f——

Total (95% CI) 54.00 49.00 19.1% 1.32[0.43; 2.20] ——
Heterogeneity: Tau’ = 0.80; Chi® = 16.57, df =5 (P <0.01); 12 = 70% :
Test for overall effect: Z =292 (P <0.01)
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DeBow 2003b [CIMT] 77.24 2646 11.00 3460 28.67 3.67 2.7% 1.49[0.15; 2.82] ——
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Auriat 2008 [ER] 37.98 2655 12.00 49.21 30.58 10.00 4.7% -0.38 [-1.23; 0.47] ——
Auriat 2009 [ER] 771 256 16.00 479 298 16.00 5.4% 1.02[0.28; 1.77] -
Auriat 2010a [ER] 6.20 213 13.00 334 234 13.00 4.7% 1.24 [ 0.39; 2.09] S
Auriat 2010b [ER] 1012 228 16.00 710 268 16.00 5.3% 1.18[0.42; 1.94] i
Ishida 2011 [FLU] 7.20 5.09 8.00 250 3.90 9.00 3.8% 0.99 [-0.03; 2.02] —
MacLellan 2011 [ER] 8.20 488 16.00 372 393 14.00 5.2% 0.98[0.21; 1.74] —
Mestriner 2011a [REACH] 6537 9.91 1200 4743 12.09 6.00 3.3% 1.61[0.46; 2.75] —i—
Mestriner 2011b [WALK] 53.14 1098 12.00 4743 12.09 6.00 3.9% 0.48 [-0.52; 1.48] —TE—
Caliaperumal 2014 [ER] 11.41 374 11.00 661 278 11.00 4.2% 1.40[ 0.45; 2.35] -
Total (95% CI) 160.00 127.00 54.9% 0.80 [ 0.47; 1.14] Q

Heterogeneity: Tau? = 0.15; Chi® = 20.3, df = 12 (P = 0.06); I° = 41%
Test for overall effect: Z = 4.69 (P < 0.01)

CAMARADES SCORE [7-10]

Nguyen 2008 [EE] 3620 1899 14.00 2582 1896 16.00 5.5% 0.53 [-0.20; 1.26] +——

Fedor 2022a [ER] 767 236 13.00 664 296 9.00 4.7% 0.38 [-0.48; 1.24] ——

Fedor 2022b [ER] 979 439 1300 7.32 384 11.00 4.9% 0.57 [-0.25; 1.40] —

Fedor 2022¢ [ER] 888 260 2300 847 369 11.50 5.6% 0.13 [-0.57; 0.84] e

Fedor 2022d [ER] 996 292 2100 847 369 11.50 5.5% 0.45 [-0.28; 1.18] 15—

Total (95% Cl) 84.00 59.00 26.1% 0.41 [ 0.06; 0.75] ->
Heterogeneity: Tau® = 0; Chi’ = 0.86, df = 4 (P = 0.93); I = 0%

Test for overall effect: Z = 2.33 (P =0.02)
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Figure A-16 Impact of study quality (CAMARADES score) on effect sizes reported in
skilled reaching assessments. We observed a trend that as study quality increased, effect
sizes decreased, and 95% CIs narrowed (test for subgroup differences p=0.08)
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Search Strategy
Database: Academic Search Complete
TI = title search, AB = abstract search, SU = subject search, KW = keyword search

Rehab Terms (S1)

rehabilitation OR rehab OR exercise OR motor-therapy OR physical-therap* OR
physiotherap* OR aerobic-training OR running OR walking OR treadmill* OR
constraint-induced-movement-therapy OR mobilization OR mobilisation OR forced-
use-therapy OR enrichment OR environmental-enrichment OR enriched-rehabilitation
OR training OR reach* OR grasp*

S1: (' TI (rehab terms)) OR ( AB (rehab terms)) OR ( SU (rehab terms)) OR ( KW (rehab
terms))

Stroke Terms (S2)

cerebral-hemorrhage* OR cerebral-haemorrhage* OR intracerebral-hemorrhage* OR
intracerebral-haemorrhage* OR intracranial-hemorrhage* OR intracranial-
haemorrhage* OR intracerebral-bleed OR cerebral-hematoma* OR hemorrhagic-
stroke* OR haemorrhagic-stroke*

S2: ( TI (stroke terms)) OR ( AB (stroke terms)) OR ( SU (stroke terms)) OR ( KW
(stroke terms))

Population Terms (S3)

rat OR rats OR mouse OR mice OR rodent* OR primate OR canine OR murine OR non-
human OR animal-model

S3: (( TI (population terms)) OR ( AB (population terms)) OR ( SU (population terms))
OR ( KW (population terms))

Search: S1 AND S2 AND S3
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Search Strategy
Database: Medline

mp = title, abstract, original title, name of substance word, subject heading word,
floating sub-heading word, keyword heading word, organism supplementary concept
word, protocol supplementary concept word, rare disease supplementary concept word,
unique identifier, synonyms

Rehab Terms (S1)

rehabilitation OR rehab OR exercise OR motor-therapy OR physical-therap* OR
physiotherap* OR aerobic-training OR running OR walking OR treadmill* OR
constraint-induced-movement-therapy OR mobilization OR mobilisation OR forced-
use-therapy OR enrichment OR environmental-enrichment OR enriched-rehabilitation
OR training OR reach* OR grasp*

S1: (rehab terms).mp.

Stroke Terms (S2)

cerebral-hemorrhage* OR cerebral-haemorrhage* OR intracerebral-hemorrhage* OR
intracerebral-haemorrhage* OR intracranial-hemorrhage* OR intracranial-
haemorrhage* OR intracerebral-bleed OR cerebral-hematoma* OR hemorrhagic-
stroke* OR haemorrhagic-stroke*

S2: (stroke terms).mp.

Population Terms (S3)

rat OR rats OR mouse OR mice OR rodent* OR primate OR canine OR murine OR non-
human OR animal-model

S3: (population terms).mp.

Search: S1 AND S2 AND S3
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Search Strategy
Database: EMBASE

mp = title, abstract, heading word, drug trade name, original title, device manufacturer,
drug manufacturer, device trade name, keyword, floating subheading word, candidate
term word

Rehab Terms (S1)

rehabilitation OR rehab OR exercise OR motor-therapy OR physical-therap* OR
physiotherap* OR aerobic-training OR running OR walking OR treadmill* OR
constraint-induced-movement-therapy OR mobilization OR mobilisation OR forced-
use-therapy OR enrichment OR environmental-enrichment OR enriched-rehabilitation
OR training OR reach* OR grasp*

S1: (rehab terms).mp.

Stroke Terms (S2)

cerebral-hemorrhage* OR cerebral-haemorrhage* OR intracerebral-hemorrhage* OR
intracerebral-haemorrhage* OR intracranial-hemorrhage* OR intracranial-
haemorrhage* OR intracerebral-bleed OR cerebral-hematoma* OR hemorrhagic-
stroke* OR haemorrhagic-stroke*

S2: (stroke terms).mp.

Population Terms (S3)

rat OR rats OR mouse OR mice OR rodent* OR primate OR canine OR murine OR non-
human OR animal-model

S3: (population terms).mp.

Search: S1 AND S2 AND S3
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Search Strategy
Database: CINAHL
TI = title search, AB = abstract search, SU = subject search

Rehab Terms (S1)

rehabilitation OR rehab OR exercise OR motor-therapy OR physical-therap* OR
physiotherap* OR aerobic-training OR running OR walking OR treadmill* OR
constraint-induced-movement-therapy OR mobilization OR mobilisation OR forced-
use-therapy OR enrichment OR environmental-enrichment OR enriched-rehabilitation
OR training OR reach* OR grasp*

S1: TI (rehab terms) OR AB (rehab terms) OR SU (rehab terms)

Stroke Terms (S2)

cerebral-hemorrhage* OR cerebral-haemorrhage* OR intracerebral-hemorrhage* OR
intracerebral-haemorrhage* OR intracranial-hemorrhage* OR intracranial-
haemorrhage* OR intracerebral-bleed OR cerebral-hematoma* OR hemorrhagic-
stroke* OR haemorrhagic-stroke*

S2: TI (stroke terms) OR AB (stroke terms) OR SU (stroke terms)

Population Terms (S3)

rat OR rats OR mouse OR mice OR rodent* OR primate OR canine OR murine OR non-
human OR animal-model

S3: TI (population terms) OR AB (population terms) OR SU (population terms)

Search: S1 AND S2 AND S3
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Search Strategy
Database: PMC
TI = title search, AB = abstract search

Rehab Terms (S1)

rehabilitation OR rehab OR exercise OR motor-therapy OR physical-therap* OR
physiotherap* OR aerobic-training OR running OR walking OR treadmill* OR
constraint-induced-movement-therapy OR mobilization OR mobilisation OR forced-
use-therapy OR enrichment OR environmental-enrichment OR enriched-rehabilitation
OR training OR reach* OR grasp*

S1: TI (rehab terms) OR AB (rehab terms)

Stroke Terms (S2)

cerebral-hemorrhage* OR cerebral-haemorrhage* OR intracerebral-hemorrhage* OR
intracerebral-haemorrhage* OR intracranial-hemorrhage* OR intracranial-
haemorrhage* OR intracerebral-bleed OR cerebral-hematoma* OR hemorrhagic-
stroke* OR haemorrhagic-stroke*

S2: TI (stroke terms) OR AB (stroke terms)

Population Terms (S3)

rat OR rats OR mouse OR mice OR rodent* OR primate OR canine OR murine OR non-
human OR animal-model

S3: TI (population terms) OR AB (population terms)

Search: S1 AND S2 AND S3
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Figure B-1 Variables entered into multiple linear regression analysis to predict
recovery of impairment (APellets). A Total volume of tissue loss (mm3) did not
significantly correlate with recovery of skilled reaching in the full dataset (p=0.0525) or
any subgroup (p=>0.110). B Increased internal capsule damage was weakly correlated
with increased recovery of skilled reaching in the full dataset (r=0.296, p=0.0175);
however, subgroup analysis found only a moderate correlation between increased
internal capsule damage and greater recovery in the poor-recoverers (r=0.416,
p=0.0198). C Rehabilitation dose did not significantly correlate with recovery of skilled
reaching in the full dataset (p=0.0750) or any subgroup (p=0.0773). D Rehabilitation
intensity did not significantly correlate with recovery of skilled reaching in the full
dataset (p=0.370) or any subgroup (p=0.0856). Correlation values for each predictor
and (APellets) are found in Table B-1
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Table B-1 Correlation data for predictor variables and observed recovery (APellets)

Predictor: Tissue Loss

Group r Rz p-value
Full dataset 0.244 0.0593 0.0525
Decliners 0.665 0.442 0.221
Poor-recoverers 0.0918 0.00845 0.623
Moderate-recoverers 0.359 0.129 0.110
High-recoverers -0.332 0.110 0.468
Predictor: IC Damage*

Group r Rz p-value
Full dataset 0.296 0.0175
Decliners -0.738 0.200
Poor-recoverers 0.416 0.0198
Moderate-recoverers 0.189 0.412
High-recoverers 0.473 0.286
Predictor: Rehab Dose

Group r R2 p-value
Full dataset 0.224 0.0502 0.0750
Decliners 0.524 0.275 0.365
Poor-recoverers 0.00855 <0.001 0.964
Moderate-recoverers 0.284 0.0805 0.213
High-recoverers -0.704 0.496 0.0773
Predictor: Rehab Intensity

Group r Rz p-value
Full dataset 0.114 0.0130 0.370
Decliners 0.524 0.275 0.365
Poor-recoverers -0.0233 0.0005 0.9009
Moderate-recoverers 0.0743 0.00552 0.749
High-recoverers -0.691 0.478 0.0856

Legend: *Spearman correlation
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Figure B-2 Frequency distribution of recovery of impairment (R%). Frequency
represents number of rats within each bin; bin width=10%
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