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Abstract 

Rationale: Stroke is a leading cause of death and disability and has the largest socioeconomic burden of 

any disease in Canada. Unfortunately, thousands of stroke therapies that proved successful in animal 

preclinical trials failed in subsequent human populations. Non-human primates (NHPs) closely resemble 

humans and may represent an animal model that could help bridge the translational gap preceding clinical 

trials. Additionally, robotic technology has been proven to provide objective determination of outcomes 

in human stroke populations and it is possible that these outcomes are conserved across species. This 

study investigated the efficacy of using robotic tasks as a behavioural assessment tool in a NHP model of 

stroke.  

Methods: Stroke was induced in 2 cynomolgus macaques through transient 90-minute right middle 

cerebral artery occlusion. At 2.5 years post-stroke, neurobehavioural outcomes were assessed using a 

visually guided reaching (VGR) and a postural perturbation (PP) KINARM exoskeleton robotic task. 

Stroke NHP task parameters were compared to control performance (2 healthy, age matched controls) for 

both the affected and unaffected-arms to determine impairment.  

Results: In the VGR task, stroke animals made reaches with their affected-arm that were less accurate, 

had more corrective motions, travelled a greater distance, and took longer as compared to controls 

(p<0.01). In the PP task, responses of stroke animals to perturbations to the affected-arm were further 

displaced, took longer to stop, had more corrective motions, and took longer to return to centre as 

compared to controls (p<0.01). Several, specific unaffected-arm deficits were also identified for both 

stroke NHPs.  

Conclusions: The KINARM tasks were able to consistently quantify specific sensorimotor deficits in 

stroke NHPs in a way similar to that previously achieved in human populations. This study proves the 

efficacy of robotic assessment in a NHP model of stroke and supports the feasibility of this model in 

translating future stroke therapies from preclinical to clinical trials. 
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Chapter 1: Introduction 

1.1 Stroke  

1.1.1 Epidemiology  

In Canada, each year there are 50 000 strokes with an estimated 426 000 Canadians currently 

living with stroke related disabilities1. Stroke is the third leading cause of death in North America, but 

mortality rates have declined in recent decades due to medicinal advancements and improved access to 

healthcare in developed countries1, 2. Additionally, developed countries are experiencing the rapid world 

wild phenomenon of an extended life span3. This shift in age distribution is estimated to result in at least a 

75% increase in the proportion of individuals over 80 by 20263. As stroke incidence is highly correlated 

with age and as the chances of stroke survival improve, the number of living Canadian stroke survivors is 

predicted to rise to approximately 700 000 by 20383, 4.  

Declining stroke mortality rates in an aging population will result in more and more individuals 

living with residual deficits due to stroke2, 5. Currently, the chronic impairments attributed to stroke 

survivors contribute to the largest socioeconomic burden of any disease in Canada and cost the economy 

approximately 3.6 billion dollars annually1. In fact, out of those who have had a stroke, 76% continue to 

have activity restrictions and 69% need help with activities of daily living (ADL)5. In addition to the long-

term disabilities associated with stroke placing a strain on society and health care services, it also has an 

immense emotional impact on patients and their families2, 5. These statistics reveal that there is a large 

demand for better therapies and treatments for stroke survivors, both to help minimize their disabilities as 

well as to reduce costs to society.  

1.1.2 Etiology  

Stroke is defined as a central nervous system injury due to a vascular cause that results in a 

neurological deficit6. When the normal function of the vasculature is compromised, the blood supply to 
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the brain becomes restricted7. As cells are starved of oxygen and nutrients, they begin to lose their normal 

function and may ultimately die7. Impairment of brain tissue vasculature can occur in two major ways that 

correspond to the two major types of stroke: ischemic and hemorrhagic.  

Ischemic strokes comprise 85% of all strokes and are due to blocked or limited blood flow 

through arteries that feed brain tissue7, 8, 9. In the majority of cases, reduced blood flow through vessels is 

caused by either thrombi or emboli that are frequently associated with atherosclerotic plaques7. 

Thrombotic strokes occur when a thrombus, or blood clot, forms inside a cerebral artery and gradually 

occludes the vessel, whereas embolic strokes stem from particles originating outside of the site of 

occlusion that then travel in the bloodstream and become lodged in vessels that supply the brain7. Risk for 

ischemic stroke has been strongly linked to hypertension and diabetes mellitus10. It has also been 

associated with smoking, coronary heart disease, peripheral arterial disease, increasing age, and poor diet 

and exercise10. All of these factors may increase the likelihood of clot formation or may impair 

maintenance of a healthy vasculature.   

Actual rupture of blood vessels in the brain results in hemorrhagic stroke and, though they 

constitute only 15% of total strokes, comprise 40% of the deaths related to stroke8, 9. The high mortality 

rate of hemorrhagic strokes can be attributed to the fact that, in addition to reducing blood supply to the 

brain, the blood released from vessel rupture creates an environment of increased intracranial pressure 

through hematoma formation as well as has irritating effects on surrounding tissue7. Intracerebral 

hemorrhage, where bleeding occurs within tissue or the ventricular system, is the most common type of 

hemorrhagic stroke, but bleeding can also occur between the arachnoid and pia mater in a subarachnoid 

hemorrhage7. Alcohol, increasing age, and hypertension have all been shown to increase the risk of 

hemorrhagic stroke11. These risk factors may have a negative effect on vascular wall integrity which 

makes them more susceptible to rupture.  
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1.1.3 Symptoms  

Symptoms of stroke may be extremely variable for they depend on the location and size of the 

affected brain region. Despite this, some common characteristic signs of stroke may be observed both at 

stroke presentation and into the chronic phase of stroke.   

In the acute stage of stroke, symptoms have rapid onset. In over 80% of cases, patients present 

with some sort of paresis and almost half of cases show some sort of sensory deficit9. Both paresis and 

sensory deficits are most commonly exhibited in the arm, followed by the leg, and then the face9. Speech 

deficits and headaches are the next most common symptoms, shown in approximately 25% of all cases9. 

Other, less frequent, potential signs of stroke include hemianopia, diplopia, gait abnormalities, vertigo, 

and/or convulsions9. Presentation of acute stroke symptoms is heavily influenced by stroke subtype, with 

speech deficits, paresis, and sensory deficits most common in ischemic strokes and headaches and 

convulsions most frequently observed in hemorrhagic strokes9.   

Even after the initial phase of stroke, deficits may continue into the long-term. In fact, at hospital 

discharge two thirds of patients have persistent neurological deficits and about 50% are considered 

disabled and dependent on others12, 13, 14. At 5 years post-stroke, over 40% continue to require assistance 

with ADL and 36% have significant disability4. Specifically, the most common deficit following stroke is 

hemiparesis of the upper-arm, occurring in more than 80% of survivors acutely and more than 40% 

chronically15. Further, of all adult stroke survivors only 5% will regain full use of their upper-limb and 

20% will regain no function at all for the rest of their lives14. Function of the upper-limb plays a vital role 

in successfully carrying out ADL and for independence in general15. Thus, understanding and facilitating 

sensorimotor function of the upper-limb post-stroke is critical as it offers a potential target for therapeutic 

intervention. 
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1.1.4 Pathophysiology  

Brain tissues, specifically neurons, need constant glucose and oxygen in order to maintain ionic 

gradients across their membranes16. Additionally, there is a low respiratory reserve within the brain and a 

high dependency on aerobic metabolism16. These factors make the brain extremely vulnerable to periods 

of ischemia16. Ischemic conditions occur during both ischemic and hemorrhagic stroke, where there is 

compromised blood flow to the brain.  

The effects of reduced blood flow on brain tissue can range widely in severity due to differences 

in collateral circulation16. In general, ischemic conditions lead to two definable brain regions that reflect 

these differences in effect severity: the ischemic core and the ischemic penumbra16. The ischemic core is 

defined as a brain region receiving below 10-25% of normal blood flow that undergoes immediate cell 

death through necrosis of neurons and glia16. The ischemic penumbra typically surrounds the core and has 

access to greater collateral brain circulation16. Within this region, cells are dysfunctional and normal 

processes are compromised, however, they may be salvaged through reperfusion and thus represent a 

critical area for intervention16. If reperfusion does not occur, with time these cells will also undergo cell 

death.  

At the cellular level, hypoxic conditions trigger an ischemic cascade that may lead to brain 

damage in a complex variety of ways. Firstly, ischemic conditions deplete oxygen and glucose stores and 

cause mitochondria to fail16. Production of high-energy phosphate compounds, such as adenosine 

triphosphate (ATP), halts and energy-dependent processes necessary for cellular function and survival 

cannot be carried out, potentially triggering apoptosis16. Reduction of energy stores also leads to loss of 

ion pump function and disrupts ion gradients. As potassium, sodium, and calcium ions become 

imbalanced across cellular membranes, a net influx of water may occur resulting in the pathologic 

swelling of cells known as cytotoxic edema16. Failure of resting ion pumps also triggers neuronal 

depolarization through potassium efflux and sodium and calcium influx, initiating the excitotoxicity 

phenomenon17. Levels of excitatory neurotransmitters, such as glutamate and aspartate, accumulate in the 
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extracellular space and initiate uncontrolled activation of N-methyl-D-aspartate (NMDA) and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors that results in an extensive influx of 

calcium ions17. In addition to this elevated calcium contributing to increased cytotoxic edema and 

amplifying receptor activation through further neuronal depolarization, it activates calcium-dependent 

enzymes within the cytoplasm and nucleus17. Uncontrolled activation of these enzymes ultimately leads to 

production of oxygen free-radical species, damage to cell membranes, and cell death17.  

1.1.5 Treatment 

Currently, the most common and effective treatment for ischemic stroke is thrombolysis by 

intravenous recombinant tissue plasminogen activator (rtPA)7. This drug works to breakdown blood clots 

in arteries to restore blood flow to the brain and must be given within 4.5 hours of stroke symptom onset 

in order to be effective7. Patients that successfully receive rtPA are 30% more likely to have minimal 

disability at three months post-stroke when compared to those that do not18. Unfortunately, due to the 

small timeframe of patient eligibility for rtPA, approximately less than 5% of stroke patients reach 

hospital in time to receive treatment18. Patient co-morbidities, such as high blood pressure, may also make 

stroke patients ineligible for rtPA due to an increased risk of hemorrhage7. In approximately half of the 

cases that fall into this category, if there is a retrievable thrombus an endovascular thrombectomy may be 

performed where the obstruction is surgically removed, but again this procedure must be administered 

quickly and benefits are minimal if performed more than 7 hours after stroke7, 19, 20. Antiplatelet therapies, 

such as aspirin, have a slightly larger window of efficacy of up to 48 hours following stroke onset and 

have been observed to marginally decrease mortality, disability, and stroke recurrence7, 18 

In the case of hemorrhagic stroke, the origin of the bleeding must be located and stopped as soon 

as possible. Blood pressure must be closely monitored and controlled and often surgical procedures are 

needed7. Due to the nature of this stroke, administration of ischemic stroke treatments to a hemorrhagic 

stroke will increase bleeding, worsen effects, and probably result in death7. It is for this reason that quick 

and accurate diagnosis of stroke subtype is vital for survival.  
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1.2 Translational stroke models 

Primates, pigs, sheep, dogs, cats, gerbils, rabbits, rats, and mice have all been used to study 

stroke21. These various models have enabled a greater understanding of the basic mechanisms underlying 

this disease and have helped develop new strategies for treatment However, many stroke drugs that were 

proven efficacious in animal models have failed in human clinical trials22, 23. This may be because of the 

inability of tightly controlled experimental animal models of stroke to model the inherent heterogeneity 

and comorbidities present in human stroke populations23. This highlights the importance of carefully 

considering animal model limitations and rigorously choosing the appropriate stroke model in in order to 

optimize the chances of translatability to humans. Moreover, the success of future preclinical stroke 

therapies will rely on the development of a reliable stroke model in terms of animal species, method of 

stroke induction, and behavioural assessment tool22.  

1.2.1 Animal species  

Small animals have been vital in elucidating the pathophysiologic processes that occur as a result 

of stroke, such as the mechanisms of cell death and neural repair24. In fact, rats are the most commonly 

used animal species in stroke studies because of their small size, easy monitoring of physiological 

variables, easy handling of vascular structures, low costs, and the ability to obtain sufficient numbers for 

statistical analysis21. Small animals have also been shown to be useful in stroke treatment development as 

the only widely approved acute ischemic stroke therapy, rtPA, was developed using a rabbit model of 

stroke25. Recently, a new, neuroprotective genre of therapy for ischemic stroke has emerged with the aim 

of decreasing brain tissue injury through salvation of the ischemic penumbra26. Rodents have been 

important in the initial testing of neuroprotective compounds, however, there has been no success in 

translating these studies to human clinical trials23, 27, 28. Ultimately, these failures may be due to 

fundamental anatomical, physiological, and metabolic differences between rodent and human species22. 
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Following the failure of many neuroprotective drugs in human trials, the Stroke Therapy 

Academic Industry Roundtable (STAIR) suggested that once a stroke therapy was proven efficacious in 

rodent models, non-human primate (NHP) models of stroke may be used to bridge the translational gap 

before human clinical trials26, 29. This suggestion follows the rationale that strokes in NHP species more 

closely mirror those in humans, as compared to those in rodents. One study supporting this showed that 

following transient middle cerebral artery occlusion (MCAO), cell death in the ischemic basal ganglia of 

baboons peaked at a time point similar to that in humans as compared to four times later in rats30. Though 

this study demonstrates differences between primate and rodent pathophysiology following stroke, the 

exact mechanisms and reasoning behind these differences are still unknown.  

Even within the primate family, there is extensive variability in brain anatomy, vasculature, and 

behaviour22. Thus, careful consideration of the research question and anticipated outcomes must be 

undertaken when choosing which species is most appropriate22. One major way that primate species may 

differ is in their cortical surface structure, where some species have a smooth cortex (lissencephalic) and 

others have a convoluted cortex (gyrencephalic)22. While lissencephalic primates allow for easier 

mapping of cortical regions due to surface accessibility of motor, sensory, and visual areas, gyrencephalic 

primates possess cortical organization in gyri and sulci that is similar to humans22. Additionally, a stroke 

model using the lissencephalic common marmoset species yielded positive results for the neuroprotectant 

NXY-059, but subsequent human clinical trials failed31. This suggests that lissencephalic primate species 

may not be well suited to model human neuroprotective processes following stroke. The most common 

gyrencephalic primate species used to study stroke is the baboon22. However, these animals have highly 

collateralized brain circulation and so creation of a cortical stroke requires complex impairment of 

multiple vessels22. Further, due to the naturally aggressive behaviour of baboons, behavioural testing 

before and after stroke can only be done through subjective observation, which may not provide a detailed 

enough representation of deficits32. Contrastingly, the gyrencephalic macaque species has a mild 

temperament and can be trained to do sensorimotor tasks to assess behaviour before and after stroke33. 
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Specifically, the neurovasculature of Macaca fasicularis (cynomolgus macaques) seems to reflect the 

human anatomy most closely, as it displays less collateral circulation as compared to baboons and other 

macaque species33. In fact, the potential of M. fasicularis to accurately model stroke was recently 

confirmed when it was used to translate the neuroprotectant NA-1 to the successful Phase II ENACT 

(Evaluating Neuroprotection in Aneurysm Coiling Therapy) clinical trial and to initiate the Phase III 

FRONTIER (Field Randomization of NA-1 Treatment in Early Responders) clinical trial34, 35.  

1.2.2 Stroke induction  

There are several different methods available to achieve ischemia in experimental animal stroke 

models. The decision of what model to use should rely on the chosen species and the desired goal of the 

study, but in general stroke induction should be clinically relevant, reproducible, have minimal unrelated 

effects, and be easy to perform36. Middle cerebral artery (MCA) stroke is the most common acute 

ischemic stroke presentation in humans and occurs in 65% of strokes of vascular occlusion origin7. 

Accordingly, the most common method of surgical stroke induction in animal studies is middle cerebral 

artery occlusion (MCAO). MCAO has the added benefit of affecting motor, sensory, and cognitive 

cortical areas, which creates stroke behavioural deficits that present in an observable manner22. 

Furthermore, MCAO produces a histologic infarct with a necrotic core and an apoptotic peripheral region, 

indicative of the presence of a past ischemic penumbra36. Since neuroprotective drugs are aimed at 

salvaging the ischemic penumbra, its presence is vital in preclinical stroke models. Other methods of 

stroke induction use endovascular approaches that can mimic human embolic stroke etiology by injecting 

blood clots into the vasculature, however, these models of stroke produce variable and sometimes 

multiple infarcts, which are not appropriate for drug-efficacy studies where homogenous subject 

populations are necessary22, 36.   
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1.2.3 Behavioural assessment of stroke in non-human primates  

In past NHP models of stroke, neurological deficits were often assessed using specific tests that 

examined motor, sensory, or cognitive behaviour22, 37. In the case of MCAO where motor and sensory 

cortices of one hemisphere are affected, these tasks were usually targeted at sensorimotor ability of the 

upper-limb. For example, the hill and valley staircase task assesses motor function of each arm in a hemi-

sensory field and can separate motor and sensory deficits by differentiating hemiparesis from hemi-

sensory neglect22, 37. Additionally, motor control may be assessed using the Kluver board task, whereas 

the cognitive elements of motor planning may be assessed using the object retrieval detour task22, 37, 38. 

These tasks are successful at revealing deficits following stroke but differ greatly from stroke assessment 

methods in human populations that focus directly on disability in ADL22. If there is no direct human 

correlate for the tasks then deficits revealed by these tests may not be predictive of clinical disability and 

therefore may not be useful in translational research.  

1.2.3.1 Non-human primate stroke scale (NHPSS) 

The non-human primate stroke scale (NHPSS) was developed by Roitberg et al. to assess deficits 

following stroke in primates33. This rating scale consists of a battery of tests to assess motor and sensory 

function, balance, perception, cognition, and basic reflex behaviours following stroke (Table 1.1)22. A 

numerical score for each subsection is assigned based on observation of the animals’ behaviour and the 

scores are summed to yield an overall disability rating between 0-41, with a higher score indicating 

greater impairment33. The NHPSS closely mirrors the human National Institute of Health Stroke Scale 

(NIHSS) by assessing similar traits such as level of consciousness, motor function, gait, balance, visual 

fields, reflexes, and neglect22, 33. The aim of replicating the NIHSS was to provide a neurobehavioural 

assessment tool in primates that had clinical significance by observing ability on tasks related to daily 

living. The NHPSS has been proven to be a successful indicator of neurobehaviour in primates and 

represents a tool with the potential to provide directly applicable results for future translational studies33, 

39.   



10 

 

Table 1.1. Non-human primate stroke scale (NHPSS). A clinical stroke scale specifically for NHPs. 
Animals receive a numerical score based on their observed ability in each category. Adapted from 
Roitberg et al. (2003).  

 0 1 2 3 4 

State of 
consciousness (0-2) 

Normal  Drowsy or apathetic  Unconscious    

Defense reaction    
(0-2) 

Normal  Diminished  None    

Grasp reflex 
(right/left)    

(0-1 x 2) 

Present  Absent     

Extremity movement 
(upper/lower, 
right/left) (0-4 x 4) 

Normal  Asymmetrical use of 
strength noted 

Clear, marked 
weakness 

Minimal 
movement 

No 
use  

Gait (0-3) Normal  Limping  Severely impaired  Does not walk   

Circling (0-2) Normal  Noticeable preference to 
turn to one side  

Constant rotation    

Bradykinesia (0-2) None  Mild  Severe    

Balance (0-2) Normal  Mildly impaired  Profoundly impaired   

Neglect (right/left) 
(0-2 x 2) 

None  Extinction of stimulus to 
one side when presented 
with simultaneous stimuli  

Complete neglect of 
all stimuli presented 
to the affected side  

  

Visual field 
cut/hemianopia 
(right/left) (0-1 x 2) 

None  No response to visual 
stimuli in the affected field 

   

Facial weakness 
(right/left) (0-2 x 2) 

None  Mild  Profound    

 

1.3 Clinical assessment of stroke in humans 

1.3.1 National institute of health stroke scale (NIHSS) 

The national institute of health stroke scale (NIHSS) is a 15-item neurologic exam initially 

designed for acute stroke therapy trials but is now commonly used as a clinical assessment tool to 

measure neurological deficits related to stroke40. The test is administered in 10 minutes by a trained 

professional and patients are assigned a numerical score for a variety of categories, with zero being 

normal and score increasing based on level of impairment40. Categories assessed include level of 
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consciousness as well as reflex, visual, motor, sensory, and speech behaviour40. Scores are then summed 

to yield an overall score out of 31. High interrater and test-retest reliability for the NIHSS has been 

proven in multiple studies and high validity with regard to lesion volume on perfusion-weighted and 

diffusion-weighted images has been confirmed40, 41. Additionally, the NIHSS can be used as a predictor of 

long and short-term functional outcome in patients, including survival and impairments in ADL42, 43. 

Overall, the NIHSS represents a simple, valid, reliable, systematic tool for physicians to quickly assess 

deficits following acute stroke. 

1.3.2 The Fugl-Meyer assessment (FMA) 

The Fugl-Meyer assessment (FMA) was the first quantitative evaluation tool of sensorimotor 

impairment developed to assess recovery from stroke44, 45. It is based on Twitchell and Brunnstrom’s 

concept of the sequential stages of motor return in the hemiplegic stroke patient and is widely used in 

clinical examinations today44, 45. The FMA contains an array of tests separated into five domains: motor 

function, sensory function, balance, joint range of motion, and joint pain45. Within each domain there are 

multiple functions that are numerically scored out of 3 points, with 0 representing “performs fully” and 3 

representing “cannot perform,” and the sections are totalled to obtain a summative score45. The FMA has 

high intra-rater and inter-rater reliability and has been recommended for clinical trials of stroke 

rehabilitation, with particular emphasis on the motor domain to monitor changes in motor impairment44, 

46. Despite its many uses, there are some limitations to the FMA. Firstly, the FMA is strictly an 

impairment index and does not reveal how deficits relate to clinical disability44. It is therefore 

recommended that the FMA be used in conjunction with another functional assessment tool. Other 

criticisms of the FMA are its ceiling effect, limiting its usage to patients with moderate or severe motor 

deficits, as well as its lengthy administration time44, 47. 
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1.3.3 The Modified Rankin Scale (MRS) 

The Modified Rankin Scale (MRS) is a measure of global disability or dependency in ADL48. 

More specifically, the MRS evaluates stroke survivor independence on specific tasks by means of a 

numerical score from 0 to 5, with 0 being normal performance49. Strength of the MRS lays in the fact that 

it assesses patient independence and is therefore able to incorporate mental as well as physical aspects of 

neurological deficits49. The MRS has been proven to have good validity, but discrepancies in the choice 

of primary end points in acute stroke studies have left it’s reliability uncertain48, 49, 50.  

1.3.4 The Chedoke-McMaster Stroke Assessment (CMSA) 

The Chedoke-McMaster Stroke Assessment (CMSA) measures physical impairments and 

disabilities of stroke survivors51. Similar to the FMA, physical impairments are assessed following 

Twitchell and Brunnstrom’s sequential stages of motor return51. Categories of shoulder pain, postural 

control, arm, leg, hand, and foot are assigned a measure of disability on a 7-point scale relating to their 

respective motor stage51. The CMSA also includes clinically relevant disability ratings, such as walking51. 

This is advantageous as compared to other clinical assessments because it can assess functional disability 

in ADL as well as assess the underlying physical impairments contributing to those disabilities. The 

CMSA has good intra-rater, inter-rater, and test-retest reliability as well as good validity51, 52. Further, it 

has been shown to be a valid measure of functional change in patients and is widely used as both a 

clinical assessment and research tool52.   

1.4 Robotics as an assessment tool  

The emergence of an increasing number of novel stroke therapies has renewed interest in and 

stressed the importance of appropriate and reliable outcome measures of impairments following stroke. 

Unfortunately, there is large heterogeneity in the tools used to assess stroke deficits both within human 

populations and across species in preclinical translational studies53. These discrepancies make 

comparisons of outcomes across research studies and clinical trials extremely difficult. Further, human 
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clinical assessment tools, such as the NIHSS, FMA, MRS and CMSA, as well as primate assessment 

tools, such as the NHPSS, are subjective and observational in nature as they rely on evaluation by a 

practitioner or researcher33, 43, 44, 50, 52, 54. These tests yield overall scores of deficits and, though they may 

reveal disabilities, they lack insight as to what specific physical impairments lead to their presentation. 

Detailed quantification of impairments is especially important as novel stroke therapies may have subtle 

but significant effects that models of stroke utilizing outcome measures with generalized, conglomerate 

scores may be too insensitive to identify. Any of these factors, in combination or alone, may compromise 

the development of a reliable stroke model and may underlie the reason the translation of potential stroke 

therapies has failed in the past22.  

Recently, with the advancement of technology, robotics have been developed with the potential to 

objectively and reliably quantify the deficits following stroke54. A simple way in which robots may be 

used to accomplish this is through quantification of limb motion54. One benefit to all movements being 

accurately recorded by robotic technology is that outcomes may be revisited and reassessed multiple 

times by multiple individuals, allowing for greater flexibility and reliability. Another beneficial feature of 

robots is that they may administer passive or active assistance so that deficits underlying disability can be 

quantified even in patients that may not be able to complete motions independently54. Robotic assistance 

also eliminates the ceiling and flooring effects that are present in current clinical assessments and can 

evaluate survivors of all degrees of impairment44, 54. Further, the amount of data that robotics can obtain 

from the assessment of a patient is not only greater, but also more detailed and objective as compared to 

current, subjective, scaled clinical measures of stroke outcome55, 56. Lastly, robotics can be used to record 

movements commonly used in ADL as well as to potentially elucidate the exact underlying impairments 

in joints, muscles, or reflexes that lead to how survivors accomplish, or fail to accomplish, those 

movements54, 55. Ultimately, using robotics as a tool to determine outcomes following stroke will 

hopefully establish a model of stroke that is valid, reliable, and sensitive enough to assess changes in 

outcome due to potential, future stroke therapies.  
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1.4.1 The KINARM robot as a human stroke assessment tool 

The kinesiological instrument for normal and altered reaching movements (KINARM) is a 

sophisticated robotic device that was designed in 1999 by Stephen Scott to measure upper-limb motion in 

a horizontal plane57, 58. One particular configuration of the device is a bilateral, exoskeleton robot that can 

concurrently assess motion of the hand, elbow, and shoulder as well as provide mechanical loads to 

upper-limb joints (Figure 1.2.1)57. A complex linkage system is aligned with the subject’s elbow and 

shoulder so that flexion and extension movement of the robot mirrors that of the subject57, 58. The subject 

sits in a chair attached to the KINARM with their arms resting in the troughs of the exoskeleton so that 

the device can provide gravitational support, limiting fatigue, as tasks are attempted54. Torque motors are 

attached to each upper-limb in order to control application of forces to either the elbow or shoulder joints 

of each arm independently57. In addition to the exoskeleton device, a virtual reality system is set up by 

means of a computer monitor that is reflected onto the workspace of the subject57. Representation of the 

location of the subject’s limbs is therefore visually controlled and virtual targets, obstacles, or other 

objects may be projected onto the workspace for task simulation57. As tasks are performed, the torque 

motors dynamically or statically aid in simulating the visual representation of objects so that the subject 

can interact with the display while at the same time record hand, elbow and shoulder position and 

velocity57. Originally, the KINARM was developed to study the role of the motor cortex during reaching 

in NHPs, but since then it’s use has grown drastically to study the fundamental principles of motion in 

both healthy and diseased human populations54. More specifically, the KINARM has been validated as an 

assessment tool to identify specific and unique sensorimotor impairments in human stroke patients using 

both the visually guided reaching (VGR) and postural perturbation (PP) tasks55, 56.  
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Figure 1.2.1. The KINARM exoskeleton. Illustration of a human seated in the KINARM exoskeleton 
robot with arms in troughs. Accompanying the device is the virtual reality workspace system. Adapted 
from Tyryshkin et al. (2014).   

 

Simple reaching motions have been studied extensively and have been proven to employ a wide 

array of sensorimotor abilities that may be compromised following stroke55, 59, 60. Consequently, a study 

by Coderre et al. investigated the potential of the KINARM VGR task to assess sensorimotor function of 

subacute stroke survivors55. The goal of the VGR task was to make quick and accurate reaches from a 

centrally located target to one of 8 surrounding peripheral targets55. For each subject, a kinematic 

description of their reaches was analyzed and movement parameters that described unique attributes of 

sensorimotor control were identified such as postural control, reaction time, feed-forward control, and 

feedback control55. Performance of a large proportion of stroke subjects was significantly different than 

controls on each parameter, and a large proportion displayed increased interlimb differences55. For 

example, the initial movement direction error parameter identified 81% of left-affected and 50% right-

affected stroke patients as different from controls55. Additionally, the VGR task was proven to be more 

sensitive to impairments after stroke as compared to a standard clinical assessment, the CMSA, as some 

patients exhibited sensorimotor deficits in task parameters but obtained a normal CMSA arm score55. 

Thus, the VGR task using the KINARM can not only reveal sensorimotor deficits in stroke patients, but 
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can also uniquely characterize them in a more sensitive and robust way than current, clinical measures of 

impairment55.  

Following stroke, long-latency muscle stretch responses are often impaired leaving survivors with 

difficulties in responding to mechanical disturbances, which are an important aspect in ADL56, 61. 

Accordingly, Bourke et al. developed a PP task using the KINARM to quantify the ability of subacute 

stroke patients to make rapid corrective responses to perturbations, which is indicative of sensorimotor 

function56. In this task, subjects were to maintain their hand at a centrally located target before and after a 

mechanical load was applied to the elbow or shoulder joint56. Task performance was quantified through 

parameters such as postural instability, motor response, endpoint error, and joint coordination, and stroke 

subjects were found to often be slower than controls in decelerating following perturbation, took longer to 

return to the target and had greater error when returning to the target56. Significant differences were also 

observed in task parameters for the unaffected-arm in 58% of stroke subjects and these impairments were 

correlated with, but more sensitive than, the CMSA clinical assessment56. Overall, this study validated the 

ability of the PP KINARM task to quantify stroke related deficits in response to mechanical perturbations 

of the arm joints and suggested that the task may be more sensitive to sensorimotor impairments than 

other current, clinical assessments.   

1.4.2 Translational potential of robotics in stroke assessment  

Although validated assessments exist in both NHPs and humans to measure the deficits following 

stroke, studies continue to fail to translate significant differences in outcomes of potential stroke therapies 

from preclinical to clinical trials22, 23. Robotics represent a potential tool that may be used to help bridge 

this translational gap. In human stroke populations, robotic tools such as the KINARM have already been 

proven to provide reliable, valid, and objective quantification of sensorimotor deficits55, 56. Similar studies 

in NHPs have indicated that NHPs can be trained to complete sensorimotor KINARM tasks and that 

stroke related deficits can be quantified62. However, inconsistent task protocols and parameters have made 

statistical analysis impossible62. If a consistent and reliable protocol is established in a NHP model of 
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stroke using this robotic technology, then outcomes could be directly compared across species and 

studies. This would provide a homogenous outcome measurement from preclinical to clinical trials, which 

may play an important role in increasing the likelihood of translatability. Additionally, robotic tasks 

mimic movements involved in ADL but also provide a deeper examination so that the exact sensorimotor 

processes underlying these movements can be identified and compared in healthy populations and in 

stroke survivors54. This enhanced description as to why disabilities are present may identify true sources 

of impairment that superficial clinical assessments fail to. Further, robotic tasks are more sensitive than 

clinical assessments and may identify changes in behaviour in future stroke therapies that current generic 

assessments are unable to pinpoint54, 55, 56. Overall, a model of stroke combined with robotic assessment of 

behaviour in NHPs has the potential to increase the probability of successful translation for future 

therapies from preclinical to clinical trials by limiting potential confounding variables such as 

subjectivity, insensitivity, and heterogeneous and qualitative outcome measures.  
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Chapter 2: Objective and Hypotheses  

2.1 Objective 

The purpose of this thesis was to create a stroke model in M. fasicularis and investigate the 

efficacy of KINARM robotics to objectively quantify upper-limb sensorimotor function using the visually 

guided reaching and postural perturbation tasks. Further, this research aimed to compare stroke NHP 

outcomes to control behaviour in order to characterize stroke related deficits.  

2.2 Hypotheses 

KINARM robotic technology will quantify NHP performance in eight parameters that define 

either the visually guided reaching or the postural perturbation task and will be able to identify specific 

sensorimotor impairments in stroke behaviour.  

1. During the visually guided reaching task, we hypothesize that reaches to targets by the affected-

arm of stroke NHPs will take longer, be less accurate, have more corrective motions, and will 

travel a greater distance than reaches done by controls.   

2. During the postural perturbation task, we hypothesize that responses to mechanical perturbations 

by the affected-arm of stroke NHPs will take longer to stop, take longer to return to centre, have 

more corrective motions, and be further displaced than responses done by controls.   
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Chapter 3: Materials and Methods 

3.1 Subjects 

3.1.1 Non-human primates  

Four, male cynomolgus macaques (Macaca fascicularis) aged 6-7 years old and weighing 6-8kg 

were used for experiments in accordance with the guidelines of the Canadian Council of Animal Care 

with protocols approved by the Queen’s Animal Care Committee (Animal Care Protocol #2013-059-01). 

These animals were bred in captivity and housed in an enclosed caging facility with constant supervision 

by animal care staff. Primates had unlimited access to monkey chow (Purina, Mississauga, ON) and were 

given fruit and treats by staff and researchers for stimulation and to shape behaviour. For working and 

training days, NHPs were placed on restricted water consumption of a minimum of 50 mL a day but 

otherwise had unlimited access to water.  

3.1.2 Stroke model  

At 3 years old, stroke was surgically induced in two of the macaques (S1 and S2) while two 

remained healthy, age-matched controls (C1 and C2). Animals were anaesthetized for the procedure with 

isoflurane (1.0-2.0%) and then intubated and ventilated. A craniotomy over the right frontotemporal 

region was performed by a trained neurosurgeon and the Sylvian fissure was opened to reveal the right 

MCA. A 5mm titanium aneurysm clip was placed on the first division of the MCA (M1), proximal to 

orbitofrontal branch. Proximal placement of the clip allowed some collateral circulation to the ischemic 

brain region, slowing infarct progression and creating a stroke model with an ischemic penumbra39. After 

90 minutes of occlusion, the clip was removed to restore blood flow. Occlusion of the right MCA lead to 

the left, contralesional side being defined as “affected” and the right, ipsilesional side being defined as 

“unaffected.” Throughout the procedure, blood pressure, end-tidal carbon dioxide, oxygen saturation, 

temperature, heart rate, and respiration rate were monitored. Antibiotics, analgesic, and anti-seizure 
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medication were administered following the procedure to facilitate recovery and animals were closely 

monitored for 72 hours.    

3.2 Robotic Assessment 

3.2.1 KINARM exoskeleton  

Neurobehavioural outcomes were assessed using a KINARM exoskeleton robot (BKIN 

technologies Ltd, Kingston, ON, Canada). Two robots were used concurrently to bimanually record, 

influence, and compare performance across upper-limbs. Robots enabled arm movement in the horizontal 

plane through a complex linkage system involving flexion and extension movements of the elbow and 

shoulder joints (Figure 3.1b). Torque motors were used to record motion of the elbow, shoulder, and hand 

and to apply loads to elbow or shoulder joints. Total sight of the NHPs’ arms was blocked using a black, 

opaque screen and a monitor was reflected onto their visual field, creating a controlled virtual reality 

display (Figure 3.1a). Arms were represented by blue rectangles and hands were represented by white 

circles to accurately mirror the correct location of NHPs’ limbs in real time. The robot recorded the 

position of the arm at a sampling rate of 1000 Hz.  

3.2.2 Experimental setup   

NHPs were trained on KINARM tasks for approximately a year. Throughout training, task 

specifications such as target radius, hold time, etc. were altered to increase difficulty until maximal 

difficulty, while still maintaining successful performance, was achieved. This level was taken as training 

saturation for that animal. At training saturation, the task specifications with the lowest difficulty out of 

all NHPs and arms were used for data collection and analysis. This ensured that all animals could 

consistently and successfully complete the task and that performance could be directly compared across 

animals and arms. At 2.5 years post-stroke, data was collected over 3 weeks consisting of 14 working 

days for C2, S1, and S2 animals and 12 working days for C1. Inconsistency in number of working days 

was due to animal staff scheduling conflicts. Each working day started by situating the animal into its 
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transporting chair, taking them from the housing facility to a separate experimental laboratory, and 

placing them into the KINARM. To position the NHP into the KINARM exoskeleton, a robot for each 

arm was directly attached to the transporting chair and their arms were secured into the appropriate 

exoskeleton arm troughs using small Velcro straps. Overhead lights were turned off to minimize ambient 

distractions and to direct attention to virtual tasks. During tasks, an invisible, virtual wall was 

implemented at the midline to isolate arm movements in order to prevent movement of the non-active arm 

interfering with attempted trials in the active arm. All training and task motivation was accomplished 

through positive reinforcement with a flavoured juice reward. Upon completion of a trial that was deemed 

successful, NHPs automatically received a drop of juice as well as heard a clicking sound. Reward could 

also be given manually by the experimenter to encourage specific movements during training, however, 

once at training saturation these manual rewards were restricted. 

 

Figure 3.1. Experimental setup of a NHP in the KINARM exoskeleton. (a) Side view of the NHP in 
the KINARM. (b) Top view of the NHP in the KINARM looking down at the virtual reality display. 
Adapted from Scott (1999).  
 

3.2.3 Experimental tasks  

Tasks had a random block design, so that in 1 block each condition (a different peripheral target 

or perturbation) was applied randomly and successfully completed once (Figure 3.2b, Figure 3.3b). Each 

a. b. 
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working session consisted of running 5 blocks of both of the tasks on each arm with a block consisting of 

8 trials each for a total of 40 trials/arm/task. Task and arm order was varied each working day so that 

there would not be an overall bias towards the first tasks attempted as compared to the last. Sessions 

lasted an average of 20-40 minutes and NHPs were given an average of 100mL of water/juice during each 

working day in the lab.   

3.2.3.1 Visually guided reaching (VGR) task  

The VGR task records movement patterns to reaches in varying directions. For each trial, a 

centrally located target (1.3 cm radius) illuminated and alerted the NHP to hold their hand over the target 

for 300ms. Then, one of 8 different peripheral targets (1.3 cm radius) illuminated that the NHP had to 

reach to and hold for 200ms, after which the trial was deemed successful. Animals had 5000ms to 

complete a trial. Peripheral targets were distributed uniformly on the circumference of a circle (3 cm 

radius) with the central target located in the middle (Figure 3.2). Illuminated targets appeared red and 

turned green when the NHP was successfully holding within the target.  

 

Figure 3.2. Schematic of the experimental setup during the visually guided reaching task. (a) NHP 
looking down at the virtual reality display and holding its hand within the central target. Outlines of the 
eight different peripheral targets that could illuminate are shown. The screen is shown translucent here for 
illustrative purposes but is opaque in reality. Left arm is shown to be active. (b) The eight different 
conditions of the task, corresponding to eight different peripheral targets, for both the left and right arms. 
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3.2.3.2 Postural perturbation (PP) task 

The PP task applied mechanical loads to the elbow and shoulder joints and recorded the ability of 

the NHP to counter them. For each trial, a centrally located target (1.3 cm) illuminated and alerted the 

NHP to hold their hand over the target for 300ms. Then, one of 8 different perturbation conditions 

occurred, corresponding to a combination of flexor or extensor step torques to the elbow (+/- 0.2 N) or 

shoulder (+/- 0.2 N)(Figure 3.3). The NHP had to counter the perturbation, return to the central target, and 

hold for an additional 200ms after which the trial was deemed successful. Animals had 5000ms to 

complete a trial. The central target became green when the NHP was correctly holding inside of it and 

was red otherwise.    

 

Figure 3.3. Schematic of the experimental setup during the postural perturbation task. (a) NHP 
looking down at the virtual reality display and holding its hand within the central target. Possible flexor or 
extensor torques to the elbow or shoulder are shown. The screen is shown translucent here for illustrative 
purposes but is opaque in reality. Left arm is shown to be active. (b) The eight different conditions of the 
task, corresponding to eight different perturbations, for both the left and right arms.   
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3.3 Data analysis  

All analysis was done using MATLAB 2015b (Mathworks Inc., Massachusetts). Signals were 

filtered using a sixth-order double-pass Butterworth low pass filter with a cut-off frequency of 10 Hz. 

Choice of task specifications ensured that all NHPs could consistently complete tasks successfully with 

both arms (>95% success rate) and so only successful trials were included in analysis. Unsuccessful trials 

were not included because it could not be determined whether the trial was unsuccessful due to lack of 

ability or due to a lack of motivation or attention. NHP hand position and velocity were calculated over 

the course of each trial so that task kinematics could be graphically visualized. 

In order to directly compare task performance across animals and limbs, movement parameters 

for each task were defined and quantified for each trial (Figure 3.4, Figure 3.5). Statistical analysis of the 

parameters was done using a two-sample Kolmogorov-Smirnov (KS) test at a 99% confidence level. 

Percentage of trials worse than 95% of control performance was also used to quantify the magnitude of 

deficits in stroke animals. Control data was grouped for statistical analysis since both control animals 

displayed similar parameter values and movement patterns. Trials for each subject were analyzed 

separately based on condition and arm.  
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3.3.1 Visually guided reaching parameters  

All trials for the VGR task were aligned at the time point when the NHP reached out of the 

central target. Data 100ms before this time point until the trial was deemed successful were used for 

analysis.  

Initial movement direction error 

Initial movement direction error was defined as the angle in degrees between the direction of the 

intended peripheral target and the direction of initial movement. Initial movement direction was taken as 

the vector starting from when the hand was out of the central target and ending at the first speed minimum 

(Figure 3.4a). Absolute angle values were used because interest was only in the magnitude of the error.  

Hand path length 

Hand path length was defined as the distance in centimeters the hand travelled once it was out of 

the central target until the trial was deemed successful (Figure 3.4a).  

Number of hand velocity maxima 

Number of hand velocity maxima was defined as the number of velocity peaks from when the 

hand was out of the central target until the trial was deemed “Good” (Figure 3.4b).  

Successful trial time  

Successful trial time was defined as the time taken in seconds for the hand to leave the central 

target until the trial was deemed successful (Figure 3.4b).  



26 

 

 

Figure 3.4. Schematic illustrating the four parameters used to characterize performance for the 
visually guided reaching task. Data is shown for one exemplar trial and is taken from 100ms before the 
hand went out of the central target until the trial was deemed successful. (a) Hand position from the 
central target to a peripheral target. (b) Hand velocity for the trial. 
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3.3.2 Postural perturbation parameters 

All trials for the PP task were aligned at the time of perturbation onset. Data 100ms before this 

time point until the trial was deemed successful were used for analysis.  

Deceleration time  

Deceleration time was defined as the amount of time in seconds after perturbation onset it took 

for the NHP to reach a velocity minimum (Figure 3.5b).  

Maximum displacement 

Maximum displacement was defined as the distance in centimeters the hand was maximally 

displaced from the central target after perturbation onset (Figure 3.5a).  

Number of hand velocity maxima 

Number of hand velocity maxima was defined as the number of velocity peaks from when the 

hand was out of the central target until the trial was deemed successful (Figure 3.5b).  

Successful trial time  

Successful trial time was defined as the time taken in seconds for the hand to leave the central 

target until the trial was deemed successful (Figure 3.5b).  
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Figure 3.5. Schematic illustrating the four parameters used to characterize performance for the 
postural perturbation task. Data is shown for one exemplar trial and is taken from 100ms before 
perturbation onset until the trial was deemed successful. (a) Hand position following perturbation and 
returning back to the central target. (b) Hand velocity for the trial.  
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3.4 Non-human primate stroke scale (NHPSS) assessment 

One month after KINARM training completion, animals were observed and assessed in their 

home cages for multiple sensorimotor functions. They received a numerical score for each category of the 

NHPSS including state of consciousness, defence reaction, grasp reflex, extremity movement, gait, 

circling, bradykinesia, balance, neglect, visual field cut, and facial weakness. Scores were totalled to yield 

an overall NHPSS score. Higher scores indicated greater deficits and total NHPSS scores could range 

from 0, no impairment, to 41, severe impairment (Table 1.1).    

3.5 Anatomical location of stroke lesion 

Approximately one month following completion of KINARM data collection, MRI scans were 

used to confirm the anatomical location of the stroke lesion in MCAO NHPs. In preparation for the scans 

NHPs were anaesthetized with isoflurane (1.0-2.0%) and then intubated and ventilated. NHPs were 

maintained on isoflurane throughout the duration of the scans and physiological parameters were closely 

monitored. T2-weighted whole brain images were collected using the fast-spin echo method with a 

Siemens 3 Tesla Magnetom Trio system at a thickness of 0.6mm/slice for a total of 100 slices in the axial 

plane.  
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Chapter 4: Results  

4.1 Visually guided reaching (VGR) task 

4.1.1 Hand kinematics  

Control performance  

Qualitatively, control NHPs displayed consistent and controlled reaches to all peripheral targets 

(Figure 4.1 a-b). The hand paths from these reaches showed no obvious differences between left and right 

limbs as well as between C1 and C2 animals. Hand velocity graphs for both limbs of C1 and C2 had 

simple, single peak shape with similar maximum value and duration, predictable of a single smooth reach 

(Figure 4.2 a-b, Figure 4.3 a-b).     

Stroke performance  

Hand paths of both stroke NHPs were qualitatively more disorganized and unpredictable for the 

left, affected-limb as compared to the right, unaffected-limb (Figure 4.1 c-d). Reaches done by the left-

limb had hand velocity graphs with multiple, large peaks over an extended period of time suggesting 

reaches with multiple corrective movements (Figure 4.3 c-d). When compared to controls, qualitative 

impairments in hand path and hand velocity wee also observed in the right, unaffected-limb (Figure 4.2). 

Right-limb impairments were more prevalent in S2 than in S1 (Figure 4.3 c-d). 
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Figure 4.1. Left and right hand paths during the visually guided reaching task from one 
representative day. Hand paths start 100ms before the NHP went out of the central target and end when 
the reach was held for 200ms at the peripheral target. Each direction shown in a different colour. Left 
hand is affected in stroke NHPs. (a) Control NHP 1 (C1). (b) Control NHP 2 (C2). (c) Stroke NHP 1 (S1). 
(d) Stroke NHP 2 (S2).  
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Figure 4.2. Right hand kinematics during the visually guided reaching task from one representative 
day. Hand paths shown in the center surrounded by corresponding velocity vs. time graphs for each 
direction in a different colour. Dotted lines represent when the NHP reached out of the central target. (a) 
Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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Figure 4.3. Left hand kinematics during the visually guided reaching task from one representative 
day. Hand paths shown in the center surrounded by corresponding velocity vs. time graphs for each 
direction in a different colour. Dotted lines represent when the NHP reached out of the central target. (a) 
Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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4.1.2 Initial direction error 

Control performance  

The initial direction errors for reaches done by both C1 and C2 were indistinguishable across 

different peripheral targets and limbs (Figure 4.4 a-b). Left vs. right initial direction error graphs 

displayed data concentrated to the bottom left corner with unity line symmetry indicating small error 

values and limb performance equality. This suggests that control animals were able to reach accurately in 

the direction of the appropriate peripheral target.  

Stroke performance 

Left vs. right initial direction error graphs for stroke NHPs displayed data shifted to the left of the 

unity line, indicating greater error in the left, affected-limb as compared to the right (Figure 4.4 c-d). This 

shift was greater and more pronounced in S1 (Figure 4.4 c) as compared to S2 (Figure 4.4 d) suggesting 

that S1 had greater reaching accuracy impairments. Weekly means were found in peripheral target 

specific clusters indicating that interlimb differences may be direction dependent and consistent across 

weeks. As compared to control performance, initial direction error cumulative sum distributions were 

shifted to the right and were greater for the affected-arm of both S1 and S2 in every peripheral direction 

except for peripheral targets 1 and 5 for S2 (KS test, p<0.01)( Figure 4.5 b). S1 showed no impairments in 

initial direction error for the unaffected-arm but S2 showed unaffected-arm deficits to peripheral targets 

1,5,6 (KS test, p<0.01)( Figure 4.5 a). This suggests that impairments in reaching accuracy were isolated 

to the contralateral side in S1 and more bimanually impaired in S2.  
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Figure 4.4. Left vs. right initial direction error during the visually guided reaching task. Each point 
represents the mean of one week of task performance and error bars are the standard error of the mean. 
Different colours correspond to reaches to different peripheral targets. * denotes significantly worse 
performance than controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) 
Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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Figure 4.5. Cumulative sum distribution for initial direction error during the visually guided 
reaching task. Control performance shown in black. Dotted line represents 95% of control performance. 
Position of graphs corresponds to reaches to different peripheral targets.  * denotes significantly worse 
performance than controls (KS test, p < 0.01). (a) Right limb performance. (b) Left limb performance. 
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4.1.3 Hand path length  

Control performance  

Left vs. right hand path length graphs for control NHPs displayed data along the unity line within 

a narrow range and domain that was similar for both C1 and C2 (Figure 4.6 a-b). This indicates that 

control animals executed reaches with a consistent hand path length across limbs, weeks and targets. 

Some peripheral target specific clusters can be seen, however, they are not isolated from the overall data 

suggesting that some hand path lengths may depend on target direction to a small extent.  

Stroke performance  

The left vs. right hand path length graph for S1 displayed data concentrated to the left of the unity 

line within a wide range (Figure 4.6 c). This indicates greater hand path length and greater variability for 

the left-affected limb as compared to the right. Clusters depending on peripheral target can be seen 

suggesting that the distance the hand must travel is related to the reaching direction and is consistent 

across weeks. Compared to controls, cumulative sum distributions for S1 hand path lengths were shifted 

to the right and were significantly greater for reaches to all left limb targets (KS test, p<0.01) (Figure 4.7 

b) and reaches to only target 8 were significantly greater for the right limb (KS test, p<0.01) (Figure 4.7 

a). This suggests that impairments in hand path length were isolated to mainly the left-affected limb.  

The left vs. right hand path length graph for S2 had data within a large range and domain with 

some data concentrated around the unity line but some at higher values that extended to the right (Figure 

4.6 d). The location of where the data was found was peripheral target specific. This indicates that for 

some peripheral targets there are no interlimb differences and for some targets hand path length is greater 

for the right-unaffected limb. Compared to controls, cumulative sum distributions for S2 hand path 

lengths were shifted to the right and were significantly greater for reaches to the bottom targets 6,7,8 for 

both limbs and for the right limb target 1 was also significantly greater (KS test, p<0.01) (Figure 4.7 a-b). 

This suggests that impairments in hand path length were bimanual and specific to similar targets in both 

limbs.   
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Figure 4.6. Left vs. right hand path length during the visually guided reaching task. Each point 
represents the mean of one week of task performance and error bars are the standard error of the mean. 
Different colours correspond to reaches to different peripheral targets. * denotes significantly worse 
performance than controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) 
Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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Figure 4.7. Cumulative sum distribution for hand path length during the visually guided reaching 
task. Dotted line represents 95% of control performance. Position of graphs corresponds to reaches to 
different peripheral targets. * denotes significantly worse performance than controls (KS test, p < 0.01). 
(a) Right limb performance. (b) Left limb performance. 
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4.1.4 Number of hand velocity maxima  

Control performance  

Data in the left vs. right number of hand velocity maxima graphs for control NHPs was 

concentrated around the unity line within a small range and domain (Figure 4.8 a-b). This indicates equal, 

consistent, smooth reach movements with little corrective motions across all peripheral targets and limbs 

for both C1 and C2.  

Stroke performance  

Left vs. right number of hand velocity maxima graphs for stroke NHPs displayed data located to 

the left of the unity line, suggesting larger numbers of hand velocity maxima for the left limb than the 

right (Figure 4.8 c-d). The magnitude of these differences may depend on the peripheral target location as 

clusters of specific targets were seen, however, these clusters were unique to each stroke NHP. This 

suggests that more corrective movements were made for reaches with the left limb as compared to the 

right and the amount of corrective movement was consistent and direction specific. Compared to controls, 

cumulative sum distributions for reaches to all targets with the left limb were shifted to the right and had 

significantly more hand velocity maxima except with S2 to target 1 (KS test, p<0.01) (Figure 4.9 b). For 

S1 right limb reaches to targets 1 and 6 had significantly more hand velocity maxima than controls and 

for S2 reaches to targets 1,6,7,8 had significantly more hand velocity maxima than controls (KS test, 

p<0.01) (Figure 4.9 a). This suggests that both animals had irregular disjointed reaches to all targets with 

the left limb and similar impairments were also seen in the right limb, especially in S2, to specific targets.   
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Figure 4.8. Number of left vs. right hand velocity maxima during the visually guided reaching task. 
Each point represents the mean of one week of task performance and error bars are the standard error of 
the mean. Different colours correspond to reaches to different peripheral targets. * denotes significantly 
worse performance than controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) 
Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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Figure 4.9. Cumulative sum distribution for the number of hand velocity maxima during the 
visually guided reaching task. Dotted line represents 95% of control performance. Position of graphs 
corresponds to reaches to different peripheral targets.  * denotes significantly worse performance than 
controls (KS test, p < 0.01). (a) Right limb performance. (b) Left limb performance. 
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4.1.5 Successful trial duration 

Control performance  

Data from left vs. right successful trial duration graphs for control NHPs was concentrated within 

a small range and domain, centered on the unity line (Figure 4.10 a-b). This indicates that reaches with 

the left and right limb took equal amounts of time across limbs and peripheral targets.     

Stroke performance  

Left vs. right successful trial duration graphs for stroke NHPs displayed data located to the left of 

the unity line, indicating longer durations for left limb trials as compared to right limb (Figure 4.10 c-d). 

Some clusters of peripheral targets can be seen suggesting that successful trial duration may be dependent 

on which peripheral target is being reached to. These clusters were unique for S1 and S2, with different 

targets leading to greater durations. Compared to controls, cumulative sum distributions were shifted to 

the right and trials had significantly longer duration for reaches to all peripheral targets with the left limb 

in both S1 and S2 (KS test, p<0.01) (Figure 4.11 b). For S1, reaches only to target 1 had significantly 

longer duration compared to controls whereas for S2 reaches to targets 1,6,7,8 had significantly longer 

durations (Figure 4.11 a). This suggests that for S1 it mostly took longer to reach to targets with the left 

limb whereas for S2 impairments were also observed bimanually.   
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Figure 4.10. Left vs. right successful trial duration for the visually guided reaching task. Each point 
represents the mean of one week of task performance and error bars are the standard error of the mean. 
Different colours correspond to reaches to different peripheral targets. * denotes significantly worse 
performance than controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) 
Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   

Le
ft 

su
cc

es
sf

ul
 tr

ia
l d

ur
at

io
n 

(s
) 

a. 

b. 

c. 

d. 

Right successful trial duration (s) 

Control Stroke 

Targets 

Left Right 

Targets 

Left Right 

Targets 

Left Right 

Targets 

Left Right 

* 
* * 

* 
* * * 

* 
* 

* * 
* 
* * * 

* 
* 

* * * 
* 



47 

 

 

Figure 4.11. Cumulative sum distribution for successful trial duration for the visually guided 
reaching task. Dotted line represents 95% of control performance. Position of graphs corresponds to 
reaches to different peripheral targets. * denotes significantly worse performance than controls (KS test, p 
< 0.01). (a) Right limb performance. (b) Left limb performance. 
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4.1.6 Performance summary 

By setting a reference at 95% of control performance, impairments were further assessed by 

magnitude.  

S1  

For all of the four visually guided reaching parameters discussed, S1 displayed significant 

impairments for reaches to all peripheral targets with the left limb (KS test, p<0.01). When compared to 

95% of control performance, it was shown that left limb impairments to the top peripheral targets 

(2,3,4,5) were relatively much larger than the bottom targets for all parameters (Figure 4.12 a). This 

suggests that although S1 had significant left limb impairments globally, the magnitude of impairment 

was greater and reaches were more difficult to targets located at the top. For reaches with the right limb, 

S1 displayed significant impairments in only one or two directions for all other parameters. When 

compared to 95% of control performance, it can be seen that right limb impairments are much smaller 

than all left limb impairments (Figure 4.12 a). This suggests that even though some right limb 

impairments were significant compared to controls, the magnitude of those impairments does not compare 

to those of the left limb. 

S2 

Significant impairments were observed for S2 reaches to almost all peripheral targets with the left 

limb for all visually guided reaching parameters, except notably for hand path length that displayed 

significant impairments only to targets 6,7,8 (KS test, p<0.01). Initial direction error and number of hand 

velocity maxima also showed insignificant differences as compared to controls in reaches to targets 1 and 

5 and to target 1, respectively (KS test, p<0.01). When compared to 95% of control performance, these 

impairments were seen to be larger for the bottom targets (6,7,8) as compared to the top (Figure 4.12 b). 

This suggests that reaches to the bottom targets were more difficult for S2 and displayed more irregular 

reaching patterns. Compared to S1 impairments, S2 left limb impairments were observed to be generally 

of smaller magnitude (Figure 4.12). For reaches with the right limb, S2 displayed significant impairments 
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in all other parameters in the bottom targets (1,6,7,8) (KS test, p<0.01). When compared to 95% control 

performance, it can be seen that right limb impairments are much smaller than those of the left limb, 

except for hand path length impairments, which are larger (Figure 4.12 b). This suggests that the right 

limb impairments observed were not as great as those of the left for all parameters except hand path 

length. Compared to S1, S2 right limb impairments are greater, specifically for the bottom targets (Figure 

4.12).  
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Figure 4.12. Stroke NHP parameter performance summary for the visually guided reaching task as 
compared to 95% control performance. Distance from centre of the circle represents percentage of 
trials with performance greater than 95% of control performance. Circle radii increase in increments of 
10%. Position on the circle corresponds to reaches to different peripheral targets. (a) Stroke 1 NHP 
performance (S1) (b) Stroke 2 NHP performance (S2). 
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4.2 Postural perturbation (PP) task 

4.2.1 Hand kinematics  

Control performance  

Hand paths of control NHPs during the postural perturbation task were qualitatively well 

organized and consistent across trials for each limb and all perturbation conditions (Figure 4.13 a-b). For 

each perturbation condition, a specific and unique hand path was observed that was conserved across 

trials indicating that control animals responded predictably to various perturbations. The majority of hand 

velocity graphs for C1 and C2 had double peak shape, characteristic of the task, but some displayed 

multiple, disorganized peaks suggesting that responding to specific perturbations may be more difficult 

than to others (Figure 4.14 a-b, Figure 4.15 a-b).   

Stroke performance  

Right hand paths of stroke NHPs resembled those of control animals but appeared to be even 

more controlled with smaller ranges of movement globally (Figure 4.13 c-d). The corresponding hand 

velocity graphs for these right limb movements displayed responses to some perturbation conditions that 

were extremely controlled with one peak, and some that were more disorganized with multiple peaks 

(Figure 4.14 c-d). Left hand paths for stroke NHPs had large ranges of motion and more variable 

movement as compared to right limb and controls, suggesting impairments in responding to perturbations 

(Figure 4.13 c-d). Hand velocity graphs for the left limb of stroke animals exhibited many large peaks 

over a long duration indicating multiple corrective movements and overall distinct movement responses 

to perturbations from right limb and controls (Figure 4.15 c-d).  
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Figure 4.13. Left and right hand paths during the postural perturbation task from one 
representative day. Hand paths start at perturbation onset and end when the NHP returned and held the 
initial position for 200ms. Each perturbation condition is shown in a different colour. Left hand is 
affected in stroke NHPs. (a) Control NHP 1 (C1). (b) Control NHP 2 (C2). (c) Stroke NHP 1 (S1). (d) 
Stroke NHP 2 (S2).  
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Figure 4.14. Right hand kinematics during the postural perturbation task from one representative 
day. Hand paths shown in the center surrounded by corresponding velocity vs. time graphs for each 
perturbation condition in a different colour. Dotted lines represent perturbation onset. (a) Control 1 NHP 
(C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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Figure 4.15. Left hand kinematics during the postural perturbation task from one representative 
day. Hand paths shown in the center surrounded by corresponding velocity vs. time graphs for each 
perturbation condition in a different colour. Dotted lines represent perturbation onset. (a) Control 1 NHP 
(C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2).   
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4.2.2 Deceleration time  

Control performance 

Left vs. right deceleration time graphs for control NHPs displayed data symmetrical across the 

unity line with a small range and domain ((Figure 4.16 a-b). This indicates that there was no interlimb 

difference in time taken to stop after perturbation onset for control NHPs and that deceleration time was 

similar and consistent across weeks and all types of perturbation.   

Stroke performance  

Left vs. right deceleration time graphs for stroke NHPs displayed data left of the unity line with a 

wide range, indicating that it took longer to stop after perturbations to the left limb as compared to the 

right and the deceleration time was more variable (Figure 4.16 c-d). Clusters corresponding to specific 

perturbation conditions were observed, suggesting that although deceleration time was more variable 

globally with the left limb, deceleration time to specific perturbations was unique and remained consistent 

across weeks. Compared to controls, all perturbations to the left limb resulted in significantly longer 

deceleration times for both stroke NHPs, except for perturbation condition 4 to S2 (KS test, p<0.01) 

(Figure 4.17 b). All perturbations containing an elbow abduction (perturbation 6,7,8) to the right limb had 

significantly greater deceleration times than controls for both stroke animals, and for S2 perturbations 1 

and 4 also lead to significantly longer deceleration times (KS test, p<0.01) (Figure 4.17 a). This suggests 

that though left impairments were more prevalent, both stroke animals displayed certain bimanual 

impairments in stopping after perturbations.  
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Figure 4.16. Left vs. right deceleration time during the postural perturbation task. Each point 
represents the mean of one week of task performance and error bars are the standard error of the mean. 
Different colours correspond to perturbation conditions. * denotes significantly worse performance than 
controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP (S1). (d) 
Stroke 2 NHP (S2).   
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Figure 4.17. Cumulative sum distribution for deceleration time during the postural perturbation 
task. Dotted line represents 95% of control performance. Position of graphs corresponds to different 
perturbation conditions. * denotes significantly worse performance than controls (KS test, p < 0.01). (a) 
Right limb performance. (b) Left limb performance. 
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4.2.3 Maximum hand displacement  

Control performance 

Left vs. right maximum hand displacement graphs for control NHPs were similar and displayed 

data located near the unity line within a small range and domain (Figure 4.18 a-b). This indicates that 

perturbations resulted in maximum hand displacements that were similar for both limbs. Some 

perturbation specific clusters can be seen which suggests that the distance the hand is displaced may 

depend on what type of perturbation was applied and that this distance is conserved across weeks. 

Displacements for C2 were marginally found to the left of the unity line, indicating that left limb 

perturbations lead to greater hand displacement but only to a small extent (Figure 4.18 b).    

Stroke performance  

Left vs. right maximum hand displacement graphs for stroke NHPs displayed data located to the 

left of the unity line within a wide range (Figure 4.18 c-d). This indicates that perturbations to the left 

limb lead to greater hand displacements than those to the right. Perturbation-specific clusters were 

observed suggesting that the extent of hand displacement is dependent on the type of perturbation 

experienced and is conserved across weeks. Compared to controls, cumulative sum distributions were 

shifted to the right for all perturbations to the left limb and resulted in significantly greater maximum 

hand displacement for both stroke NHPs, except for perturbation condition 1 and 3 to S2 (KS test, 

p<0.01) (Figure 4.19 b). All perturbations containing an elbow abduction (perturbation conditions 6,7,8) 

to the right limb had significantly greater maximum displacement than controls for both stroke animals, 

and for S2 perturbation condition 1 also led to significantly greater displacement (KS test, p<0.01) 

(Figure 4.19 a). This suggests that although left impairments were more prevalent, the right limb was also 

displaced more during certain perturbations for both stroke animals.  
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Figure 4.18. Left vs. right maximum hand displacement during the postural perturbation task. Each 
point represents the mean of one week of task performance and error bars are the standard error of the 
mean. Different colours correspond to perturbation conditions. * denotes significantly worse performance 
than controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP 
(S1). (d) Stroke 2 NHP (S2). 
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Figure 4.19. Cumulative sum distribution for maximum hand displacement during the postural 
perturbation task. Dotted line represents 95% of control performance. Position of graphs correspond to 
different perturbation conditions. * denotes significantly worse performance than controls (KS test, p < 
0.01). (a) Right limb performance. (b) Left limb performance. 
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4.2.4 Number of hand velocity maxima  

Control performance 

Data in the number of left vs. right hand velocity maxima graphs for control NHPs was located 

near the unity line in noticeable perturbation specific clusters (Figure 4.20 a-b). This indicates that 

different perturbation leads to a specific number of hand velocity maxima that is consistent across weeks 

and limbs.  

Stroke performance  

The number of left vs. right hand velocity maxima graphs for stroke NHPs displayed the majority 

of the data to the left of the unity line in noticeable perturbation specific clusters (Figure 4.20 c-d). This 

indicates that perturbations to the left limb lead to more hand velocity maxima than those to the right, and 

the magnitude of these differences were specific to the type of perturbation applied. Compared to 

controls, all perturbations to the left limb resulted in significantly more hand velocity maxima for both 

stroke NHPs, except for perturbation condition 1 and 4 to S2 (KS test, p<0.01) (Figure 4.21 b). 

Perturbations to the right limb resulted in significantly greater numbers of hand velocity maxima in 

conditions 6 and 7 for S1 and 2,3,6,7 for S2 (KS test p<0.01) (Figure 4.21 a). This suggests that although 

left impairments were more prevalent, the right limb also made more corrective movements than controls 

during certain perturbations for both stroke animals, especially for S2.  
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Figure 4.20. Number of left vs. right hand velocity maxima during the postural perturbation task. 
Each point represents the mean of one week of task performance and error bars are the standard error of 
the mean. Different colours correspond to perturbation conditions. * denotes significantly worse 
performance than controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) 
Stroke 1 NHP (S1). (d) Stroke 2 NHP (S2). 
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Figure 4.21. Cumulative sum distribution for the number of hand velocity maxima during the 
postural perturbation task. Dotted line represents 95% of control performance. Position of graphs 
correspond to different perturbation conditions. * denotes significantly worse performance than controls 
(KS test, p < 0.01). (a) Right limb performance. (b) Left limb performance. 
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4.2.5 Successful trial duration 

Control performance 

Data in left vs. right successful trial time graphs for control NHPs was located near the unity line, 

within a narrow range and domain, and in perturbation specific clusters (Figure 4.22 a-b). This indicates 

that perturbations resulted in specific trial durations that were consistent over weeks and across limbs and, 

although depended to some extent on what type of perturbation was applied, did not vary much globally.  

Stroke performance 

Left vs. right successful trial time graphs for stroke NHPs displayed data located to the left of the 

unity line within a wide range, indicating increased trial durations for perturbations applied to the left as 

compared to the right (Figure 4.22 c-d). Similar to controls, perturbation specific clusters were observed 

suggesting that trial duration is related to and consistent for perturbation type. Perturbations to the left 

limb resulted in significantly greater trial durations for all perturbation conditions for both stroke animals 

as compared to controls (KS test p<0.01) (Figure 4.23 b). For S1, right limb perturbation conditions 6,7,8 

lead to significantly longer trial durations than controls and for S2, right limb perturbation conditions 

2,7,8 lead to significantly longer trial durations than controls (KS test, p<0.01) (Figure 4.23a). This 

suggests that although left impairments were more prevalent, it also took longer for the right limb to 

respond after certain perturbations than controls for both stroke animals. 
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Figure 4.22. Left vs. right successful trial duration for the postural perturbation task. Each point 
represents the mean of one week of task performance and error bars are the standard error of the mean. 
Different colours correspond to perturbation conditions. * denotes significantly worse performance than 
controls (KS test, p < 0.01). (a) Control 1 NHP (C1). (b) Control 2 NHP (C2). (c) Stroke 1 NHP (S1). (d) 
Stroke 2 NHP (S2). 
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Figure 4.23. Cumulative sum distribution for successful trial duration for the postural perturbation 
task. Dotted line represents 95% of control performance. Position of graphs correspond to different 
perturbation conditions. * denotes significantly worse performance than controls (KS test, p < 0.01). (a) 
Right limb performance. (b) Left limb performance. 

 

2 
1 

3 4 
5 
6 8 7 

4 
5 

3 2 1 
8 6 7 

C1+C2 
S1 
S2 

C1+C2 
S1 
S2 

C
U

SU
M

 

Right successful trial duration (s) 

a. 
C

U
SU

M
 

Left successful trial duration (s) 

b. 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* 

* 
* * 

* 



69 

 

4.2.6 Performance summary  

By setting a reference at 95% of control performance, impairments were further assessed by 

magnitude.  

S1 

For all of the four postural perturbation parameters discussed, S1 displayed significant 

impairments in responding to all perturbations with the left limb (KS test, p<0.01). When compared to 

95% of control performance, it was shown that left limb impairments were globally relatively equal with 

slightly greater impairments to perturbations containing elbow adductions (2,3,4) (Figure 4.24 a). For 

reaches with the right limb, S1 displayed significant impairments only to perturbations containing elbow 

abductions (6,7,8) for all parameters (KS test, p<0.01). When compared to 95% of control performance, it 

can be seen that right limb impairments are much smaller than all left limb impairments (Figure 4.24 a). 

This suggests that even though some right limb impairments were significant compared to controls, the 

magnitude of those impairments does not compare to those of the left limb. 

S2 

Significant impairments were observed for S2 reaches to almost all peripheral targets with the left 

limb for all postural perturbation parameters, except for one to two conditions per parameter (KS test, 

p<0.01). When compared to 95% of control performance, these impairments were seen to be larger for 

perturbations containing elbow abductions (6,7,8) and perturbation condition 2 as compared to other 

conditions (Figure 4.24 b). This suggests that these types of perturbations are more difficult for S2 to 

respond to. For reaches with the right limb, S2 displayed significant impairments in all parameters to 

perturbations 7 and 8 as well as impairments to various other perturbation conditions that were not 

conserved across parameters (KS test, p<0.01). When compared to 95% control performance, it can be 

seen that right limb impairments are much smaller than those of the left limb, but are greater than those of 

the right limb of S1 (Figure 4.24 b). This suggests that the right limb impairments observed were not as 

great as those of the left for all parameters but were greater than those of S1.  
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Figure 4.24. Stroke NHP parameter performance summary for the postural perturbation task as 
compared to 95% control performance. Distance from centre of the circle represents percentage of 
trials with performance greater than 95% of control performance. Circle radii increase in increments of 
10%. Position on the circle corresponds to different perturbation conditions. (a) Stroke 1 NHP 
performance (S1). (b) Stroke 2 NHP performance (S2). 
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4.3 Standard clinical stroke assessment  

Control performance  

Non-human primate stroke scale (NHPSS) scores for both control animals were 0, indicating no 

impairment (Table 4.1).  

Stroke performance  

Using the NHPSS, sensorimotor impairments were observed in stroke NHPs (Table 4.1). Upper-

left limb extremity movement was affected in both animals, with more severe impairment observed in S1 

as compared to S2, and both animals exhibited mild bradykinesia. In S2, extremity movement of the 

lower-left limb was also slightly affected. Additionally, S1 demonstrated impaired grasp reflex, left-

neglect and left-hemianopia. In total, S1 was assigned an NHPSS score of 10/41 and S2 was given a 5/41.  

 

Table 4.1. Non-human primate stroke scale scores for control and stroke animals. Score is out of 41 
with 0 being unimpaired and 41 being maximally impaired. Animals were assessed within a month 
following completion of KINARM data collection.  

 Control-1 

(C1) 

Control-2 

(C2) 

Stroke-1 

(S1) 

Stroke-2 

(S2) 

 

State of consciousness (0-2) 0 0 0 0  

Defense Reaction (0-2)  0 0 0 0 

Grasp Reflex (0-1 x 2) (R:L) 0 0 0 0 1 0 0 0 

Extremity Movement  

(0-4 x 4) (UL:UR/LL:LR) 

0 0 0 0 4 0 3 0 

0 0 0 0 0 0 1 0 

Circling (0-2) 0 0 2 0 

Gait (0-3) 0 0 0 0 

Bradykinesia (0-2) 0 0 1 1 

Balance (0-2) 0 0 0 0 

Neglect (0-2 x 2) (L:R) 0 0 0 0 1 0 0 0 

Hemianopia (0-1 x 2) (L:R) 0 0 0 0 1 0 0 0 

Facial Weakness (0-2 x 2) (L:R) 0 0 0 0 0 0 0 0 

Total  0 0 10 5 /41 
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4.4 Anatomical location of stroke lesion 

Both S1 and S2 NHPs displayed obvious, apparent stroke lesions on T2-weighted MRI scans that 

seemed to be isolated to the right hemisphere (Figure 4.25). The anatomical location of the lesion in S2 

was mostly in the frontal lobe, spanning large portions of the premotor and motor cortices, and occupied a 

small portion of the parietal lobe including the somatosensory cortex (Figure 4.25b). The lesion in S1 was 

also found throughout similar cortices, but extended back further into additional sections of the parietal 

lobe and a bit of the superior temporal and anterior occipital lobes as well (Figure 4.25a).  
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Figure 4.25. T2-weighted MRI for stroke NHPs. Axial view of slices ordered from inferior to superior 
location. Slices are spaced 1.8mm apart. Stroke lesion appears white and opaque. Scans were done one 
month following completion of KINARM data collection. (a) S1 NHP scan. (b) S2 NHP scan.  
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Chapter 5: Discussion 

Past translational stroke studies have used NHP models and a variety of tools to assess 

neurobehavioural outcome with limited success in applying these findings to human populations22, 37, 38. 

This failure to translate potential stroke therapies from preclinical to clinical trials may stem from the lack 

of a reliable, robust, and consistent behavioural assessment tool that is conservable across studies and 

species. Previously, the KINARM robot has revealed specific deficits in multiple sensorimotor tasks that 

examines processes often impaired following stroke in human populations55, 56. This study aimed to 

replicate this assessment in a NHP stroke model in order to establish a reliable behavioural assessment 

method that could be conserved across studies. We found that the selected KINARM tasks could 

successfully and objectively quantify unique deficits in specific aspects of sensorimotor ability following 

stroke in NHPs. Moreover, these differences in task parameters were similar to those found in human 

stroke populations56, 56. This study proves the efficacy of KINARM technology to assess deficits in a NHP 

model of chronic stroke and represents a paradigm that could enhance the successful translation of future 

stroke therapies.   

5.1 KINARM analysis of sensorimotor deficits   

Stroke and control NHPs were able to successfully accomplish the visually guided reaching and 

the postural perturbation KINARM tasks with both arms, however, the way in which tasks were 

accomplished varied. More specifically, completion of tasks by control animals displayed hand paths, 

hand velocity profiles, and task parameters that were similar across limbs and specific for each task 

condition. Performance by the unaffected-arm of stroke NHPs was also consistent within each task 

condition and, though some significant differences in task parameters for some conditions were observed, 

largely resembled that of controls. This suggests that there is an inherent way to accomplish tasks that is 

similar for different NHPs and is specific to each reaching or perturbation condition. Indeed, it has been 

proven that that healthy subjects coordinate multi-segmented arm movements by accounting for 
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interaction torques to produce motion with consistent patterns of joint kinematics65, 66, 67, 68, 69. However, 

affected-arm performance of stroke NHPs displayed different hand paths, hand velocity profiles, and task 

parameters as compared to controls and the unaffected-arm, but within each task condition values were 

consistent. This indicates that deficits following stroke may take advantage of the kinematic redundancy 

of the limb. This could result in alternation of existing or recruitment of new degrees of freedom, that 

results in motor actions creating movements that differ from the natural response patterns of healthy 

subjects59, 70. Other studies have suggested that the development of these compensatory, alternative ways 

to accomplish tasks may be related to the degree of motor impairment and that there may be a critical 

level of impairment where stroke subjects switch from improving the management of degrees of freedom 

characteristic of healthy performance to a strategy of employing new degrees of freedom70. Of specific 

importance is that the KINARM technology was able to capture and consistently quantify the movement 

strategies of stroke NHPs across trials suggesting that these animals have learned to accomplish tasks 

using motions that reflect their inherent, unique impairments.  

5.1.1 Visually guided reaching (VGR) task performance  

Impairments in voluntary movement are readily observable in the majority of stroke survivors, 

yet the mechanisms driving these deficits are not well defined59. For example, the ability to reach to a 

target utilizes many neurological processes that may be affected following stroke, such as identifying the 

location of the object, planning the impending movement, feed-forward initiation, and feedback 

correction55. A visually guided reaching task was developed using KINARM technology to assess motor 

performance in a human stroke population and was successfully implemented to identify unique 

impairments in individual subjects55. In this study, we used the KINARM robot to execute a similar 

visually guided reaching task in stroke NHPs and quantified individual deficits in some of the same 

movement parameters as in human stroke subjects. In general, reaches done by NHP and human control 

groups were more accurate, had less corrective motions, took more direct hand paths, and took less time 

to complete as compared to the affected-arm of stroke groups55. Similarly, our study as well as the human 
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study identified deficits in the unaffected-arm of stroke NHPs, indicating that the ipsilateral hemisphere 

may also contribute to arm movements55. Studies have shown that the ipsilesional hemisphere may play a 

role in movement control processes, such as accuracy in achieving final position as well as movement 

direction and peak acceleration71. Although deficits of the affected and unaffected-arm were identified in 

both human and NHP stroke subjects, a major difference between the studies was that we considered 

reaches to each target separately instead of averaged together, allowing for isolation of deficits in a 

unique direction. Evaluating reaches based on target location was justified in our results as it was evident 

that impairment was target specific and different for each stroke animal. Though some significant 

unaffected-arm deficits were observed, they were to a much lesser degree than those of the affected-arm 

leading to prominent interlimb differences in stroke NHPs, a finding consistent with human populations55. 

Moreover, the VGR task was able to quantify unique, stroke related deficits in NHPs and general 

impairments followed similar patterns as those observed in human populations, supporting the use of this 

task in future translational studies.   

5.1.1.1 Initial movement direction error 

Initial movement direction error defines the angular difference between the initial and intended 

direction of movement and is an important measure of accuracy at movement onset. Misdirection of 

initial reaching movements previously recorded in hemiparetic stroke subjects has been attributed to 

weakness, spasticity, muscle synergies, and impaired feed-forward control mechanisms55, 59, 72. Stroke 

NHPs displayed reaching patterns with the affected-arm that had distinct error patterns in the initial 

movement to each target, suggesting individual differences in the underlying sensorimotor processes. The 

affected-arm of S1 NHP had greater error to targets in the top right quadrant and hand paths of reaches to 

all targets seemed to start in a leftward direction. This is consistent with a conserved shoulder abduction 

movement, which seems to have been dominant at movement onset. While elbow and shoulder 

uncoupling hints at impaired feed-forward processes, an initial shoulder abduction that is conserved 

across reaches and independent of target location also suggests weakness in muscles involved in shoulder 
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adduction59, 72. S2 NHP had greater error in reaches with the affected-arm to the bottom targets while all 

other targets had less error. Again, these differences in error may be due to impairments in feed-forward 

control of passive interaction torques between the elbow and shoulder, but impaired downwards reaching 

also indicates a weakness in elbow adduction59, 72. Initial direction error differences as compared to 

controls in the unaffected-limb of S1 and S2 were many magnitudes smaller than those in the affected-

arm and had no discernable pattern. This suggests that unaffected-arm impairments in stroke NHPs may 

be dominated by systemic disturbances in feed-forward control signals as opposed to specific muscle 

weaknesses59.       

5.1.1.2 Number of hand velocity maxima 

The number of hand velocity maxima was used as a measure of corrective motions and as an 

indicator of feed-back control55. Coordination of multi-joint movements to produce smooth, voluntary 

motions is commonly explained through optimal feed-back control theory, where constant information 

about the state of the body from motor and sensory inputs is fed-back to control centres in the brain and 

integrated to correct and optimize motion depending on the intended goal67. In the context of VGR, 

optimal feed-back control theory would allow hands to travel in straight, direct paths towards a target 

producing a single, smooth velocity peak. This behaviour was exemplified in control subjects both in 

human and NHP studies55. Contrastingly, reaches of the affected-arm of stroke NHPs and humans had 

hand velocity profiles with multiple maxima indicating more corrective movements and a potential 

degradation of optimal control theory processes55. Reaches of the unaffected-arm in stroke NHPs showed 

increased corrective movements to some directions whereas unaffected-arm reaches in human stroke 

patients displayed no differences55. Again, unaffected-arm differences in number of hand velocity 

maxima in NHPs as compared to controls were not as great as those of the affected-arm but their presence 

continues to support the idea that both hemispheres are involved in motor control.   
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5.1.1.3 Hand path length  

The length of the hand path for each reach was used as an indicator of accuracy and control 

throughout the total movement duration55. The affected-arm of stroke humans and NHPs showed greater 

hand path lengths as compared to controls, suggesting deviations from more optimal, normal paths55. As 

previously stated, in the VGR task optimal control theory would suggest that the hand moves in a straight 

line from central to peripheral target, minimizing the length of the distance travelled67. Increases in hand 

path length occur when there is a veering away from the direct location of the target at any time during 

the reach, or when there is an inability to correct errors in movement direction towards the target. Thus, 

this metric reflects a combination of both feed-forward and feed-back control processes. While S1 had 

global impairment in hand path length with the affected-arm, S2 showed impairment only to bottom 

targets. Interestingly, the same bottom targets had significantly greater hand paths in reaches of the 

unaffected-arm for S2. This may indicate that impairments in feed-back and feed-forward control leading 

to increases in hand path length for S2 were incurred more bilaterally but only to specific directions as 

compared to S1 whose impairments were global but isolated to the contralateral side.  

5.1.1.4 Successful trial time 

Successful trial time was defined as the total time taken to reach from the central to the peripheral 

target and was used to assess general ability of reaching as a whole55. Theoretically, stroke should impair 

the quality of an individual’s movement and should render their reaches with the affected-arm on the 

VGR task less efficient resulting in them taking longer to complete, as previously confirmed in human 

populations55. These findings were replicated in the current study as stroke NHPs had significantly longer 

trial times to reaches in all directions with the affected-arm as compared to controls. Similar to previously 

described results in other movement metrics, reaches with the unaffected-arm in S2 NHP were 

significantly longer to bottom targets as compared to controls whereas in S1 the unaffected-limb 

displayed few reaches that were significantly longer. The magnitude of differences in reaching time for 

the unaffected-limb was many times smaller than those of the affected-limb. Overall, successful trial time 
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has the potential to be used as a global indicator of impairment that reflects deficits in more defined 

processes since patterns in differences between stroke and control NHPs for successful trial time match 

up with those in other metrics.   

5.1.2 Postural perturbation (PP) task performance  

Past studies have investigated the effects of stroke on somatosensory feedback processes for 

motor function and have confirmed that stroke often alters long-latency muscle stretch responses56, 61, 73, 74. 

A human study using the KINARM exoskeleton robot extended this idea to the context of a definable, 

goal-oriented behaviour by quantifying the ability of stroke subjects to actively correct against 

unexpected mechanical loads to the elbow or shoulder in a postural perturbation task56. Generally, human 

stroke patients were slower to decelerate the affected-arm in response to perturbations, were further 

displaced by perturbations, had more corrective motions and took longer to return to the end-goal position 

as compared to controls56. Human stroke subjects also showed impairments in task performance with the 

unaffected-arm, suggesting that the ipsilateral hemisphere may contribute to long-latency responses56, 61, 

73. In the current study, we developed a similar PP task using the KINARM in NHPs and quantified stroke 

related deficits in some of the same sensorimotor movement parameters. In general, responses to 

perturbations with the affected-arm in stroke NHPs showed similar behavioural deficits as those of human 

stroke populations56. Bilateral impairments were also observed in stroke NHPs, however, ipsilesional arm 

deficits were of a much smaller magnitude as compared to those of the contralesional arm whereas in 

human stroke populations affected and unaffected-arm performance were qualitatively similar56. Since 

inter-hemispheric connections rely on axonal white matter projections, this discrepancy may be due to the 

inclusion of human individuals with white matter infarctions in contrast to NHP subjects whose lesions 

were mostly cortical56. Another notable difference of the present study was the separation of deficits 

according to perturbation condition such that impairments were isolated by responses to abduction or 

adductions to the elbow or shoulder. This was justified as stroke NHPs displayed deficits that were 

specific to each perturbation condition, different from one another, and allowed for an analysis that was 
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individualized and unique to each subject. Interestingly, ipsilesional responses to certain perturbation 

conditions of stroke NHPs actually had better task parameter performance than controls. Upon further 

investigation, these responses displayed single velocity peaks suggesting that the perturbation did not 

displace the hand out of the central target. This result may have been due to the stroke NHPs pre-

contracting their unaffected-arm muscles before perturbation onset, potentially because they were more 

attenuated to performance with their unaffected-arm since their affected-arm function was compromised  

 Overall, the PP task and analysis paradigm developed in this study was able to pick up on 

bilateral sensorimotor behavioural differences due to stroke in NHPs that were comparable to those 

previously identified in humans and represents a tool that can quantify unique characteristics of 

impairment.  

5.1.2.1 Deceleration time 

Deceleration time was used to quantify how quickly NHPs responded to and opposed the 

perturbation in order to slow their hand56. Previous research has proven that reflex responses to 

mechanical loads may be compromised following stroke due to delays in processing, transmission or 

modulation of somatosensory feed-back processes61, 75. In the PP task, these deficits may underlie the 

reduced ability of human stroke subjects to respond quickly and counter perturbations to the affected-

arm56. Similarly, significant increases in deceleration response time were observed globally for 

perturbations to the affected-arm of stroke NHPs as compared to controls, as well as for a few 

perturbations in the ipsilesional arm56. Although bilateral impairments in deceleration time were common 

to both stroke humans and NHPs, impairments of the affected-arm in stroke NHPs were much larger in 

magnitude whereas in human stroke populations deficits were similar across limbs56. The prevalence of 

interlimb differences in stroke NHPs suggests that muscle weakness of the contralesional arm may also 

contribute to increased time needed to counter perturbations in addition to impaired reflex control. 

Underlying muscle weakness present in stroke NHPs is supported by the observation of specific and 

distinct impairments in deceleration time for S1 and S2 NHPs where S1 NHP showed deficits to 
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perturbations globally and S2 NHP showed greater deficits to perturbations involving countering elbow 

adduction movements. Thus, in this study increases in deceleration time in the unaffected-arm may be 

explained by impairments in control processes such as reflex circuitry whereas unique affected-arm 

deficits in deceleration time may reflect added muscle weaknesses specific to S1 and S2.  

5.1.2.2 Maximum displacement  

The maximum displacement of the hand following perturbation was taken as a measure of the 

ability to resist and counter the imposed load in the PP task56. In human stroke populations, subjects’ 

hands were greater displaced by perturbations as compared to controls, a finding replicated in the current 

study in stroke NHPs56. This metric is kinematically related to deceleration time as impairments leading 

to increased deceleration time should also lead to increased displacement if velocity is similar. The close 

relationship between maximum displacement and deceleration time is supported by the similarities in 

patterns of impairments in stroke NHPs, where both metrics show significantly greater values for the 

affected-arm to almost all perturbations and significantly greater values for the unaffected-arm to a few, 

conserved perturbations. Similar interlimb differences were also observed for both movement parameters 

as the affected-limb had impairments of much greater magnitude. Additionally, performance summaries 

revealed similar unique patterns in the magnitudes of deficits in the affected-limb for S1 and S2. Thus, the 

processes leading to increased displacement of the hand following perturbation in stroke NHPs are most 

likely analogous to those underlying increases in deceleration time as described above, such as 

impairments in somatosensory reflex responses and individual muscle weaknesses61, 75.  

5.1.2.3 Number of hand velocity maxima 

The number of hand velocity maxima was used to quantify corrective movements in order to 

assess the ability to use proprioceptive and visual feed-back to return the arm to the initial position 

following perturbation55, 56. This movement metric was not analyzed in the human PP task stroke study, 

however, it may be taken as a corollary to the end-point error parameter as both are measures of feed-
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back control55, 56. As previously discussed in the VGR task, optimal feed-back control theory underlies 

coordination of multi-joint movements in order to produce smooth and accurate motions67. In the PP task, 

control human and NHP subjects exhibited behaviour that closely resembled theoretical, optimal hand 

velocity profiles consisting of two peaks; one representing the perturbation away from the central target 

and one representing movement back towards the central target56. In comparison, responses to 

perturbations of the affected-arm of stroke NHPs and humans had hand velocity profiles with several 

maxima, indicating less accurate reflexes and more corrective movements resulting from potential 

deterioration of optimal control theory processes56, 76. Both stroke humans and NHPs also displayed an 

increased number of hand velocity maxima in responses to certain perturbations of the unaffected-arm as 

compared to controls, however, interlimb differences in stroke NHPs were much greater than those in 

humans56. This supports the recurrent idea that although both hemispheres are involved in motor control, 

contralesional muscle weakness in stroke NHPs further impairs affected-arm responses leading to a much 

greater degree of impairment61.   

5.1.2.4 Successful trial time  

The time from perturbation onset until return to the initial, central target position was taken as the 

successful trial time and was used to represent the movement response as a whole56. As with the VGR 

task, logically stroke should impair general performance on the PP task leading to decreased efficiency in 

countering perturbations and taking longer to respond correctly to them55, 56. This was observed in human 

stroke populations as well as in the present study where stroke NHPs took significantly longer to 

successfully respond to all perturbation conditions to the affected-arm as compared to controls56. Within 

affected-arm impairments, differences in magnitudes of impairment were observed and quantified that 

were unique and specific for S1 and S2. Further, S1 NHP seemed to have deficits that were globally 

similar in magnitude and independent of perturbation condition whereas perturbation conditions involving 

elbow abductions yielded much higher magnitudes of impairment in S2 NHP, findings consistent with 

patterns of other movement parameters. This suggests that the underlying processes precipitating 
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impaired behaviour may be distinct for S1 and S2 subjects. Bilateral impairments that were present in 

human stroke subjects were also observed in stroke NHPs but the unaffected-arm took significantly 

longer to correctly respond to perturbations as compared to controls to only a few conditions for both S1 

and S2 and affected-arm deficits were much larger in both animals56. Overall, using successful trial time 

as a global indicator of impairment is supported by the fact that patterns in differences between stroke and 

control NHPs for successful trial time match up with those in other movement metrics and thus this 

parameter may reflect deficits in more defined processes. 

5.2 Comparison of KINARM task performance to standard clinical assessment  

We expected the standard clinical NHPSS assessment scores to correlate with KINARM task 

performance for the affected and unaffected-arms of NHPs. Both S1 and S2 stroke NHPs received 

relatively low NHPSS scores of 10/41 and 5/41, respectively, which is indicative of mild to moderate 

impairment and seems in accordance with the animals being able to consistently and successfully 

complete the KINARM tasks but in distinct ways as compared to controls. On the NHPSS, both stroke 

NHPs showed deficits in upper-left extremity movement, which correlates to the affected-arm deficits 

consistently revealed in parameters of KINARM tasks. Moreover, S1 received a worse NHPSS score in 

this category as compared to S2 which was similar to global findings with the KINARM, however, the 

NHPSS failed to provide any further information as to the exact processes impaired in the upper extremity 

and if they were similar or distinct for stroke animals. This was a major weakness of the NHPSS as the 

KINARM allowed for direct comparisons of specific, quantified deficits as well as elucidated potential 

mechanisms that may underlie the observed behaviours. Additionally, the NHPSS did not record any 

unaffected-arm deficits whereas several significant differences with the ipsilesional arm were identified in 

KINARM task parameters. The reduced sensitivity of the NHPSS as compared to the KINARM 

assessment may stem from its observational nature, where NHPs are only viewed in their home cages for 

qualitative performance as compared to KINARM performance on tasks that was objectively quantified. 

Categories of neglect and hemianopia were slightly impaired on the NHPSS for S1, which may help to 
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explain a greater, global magnitude of impairment on KINARM tasks as compared to S2. These sensory 

deficits could not make up the majority of S1 impairment, however S1 could see and respond to targets to 

consistently obtain good trials. If S1 were unable to see or perceive visual stimuli, the characteristic 

motions of reaching or responding to perturbations in the tasks would not have been observed and instead 

motion of S1 would either be random or absent. Overall, performance on KINARM tasks captured 

deficits identified with standard clinical scores with added specificity as well as additional stroke related 

deficits due to its increased sensitivity.  

5.3 Comparison of KINARM task performance to anatomical infarct location  

Stroke NHPs had transient MCAO that produced infarcts localized to the cortex of the right 

hemisphere and affected a large portion of premotor, motor, and somatosensory cortices. Primary motor 

cortex damage was a likely contributor to muscle weakness that resulted in impaired performance on 

KINARM tasks. Further, the fact that NHP strokes were cortical may account for the increased degree of 

impairment in tasks as compared to human stroke populations where studies included patients with white 

matter and cerebellar lesions55, 56. In this way, motor performance was impaired more directly in NHPs as 

compared to through potential indirect motor mechanisms in humans, such as instability or balance. The 

motor cortex also acts as an integration centre, combining proprioceptive sensory information from the 

somatosensory cortex and motor control from the premotor cortex, in order to make successful corrective 

responses in multijoint movements56, 67. This circuitry is present in both optimal feedback control 

responses as well as in transcortical feedback pathways67, 73, 75, 77. Accordingly, stroke in any of these 

locations is consistent with the observed deterioration of these processes, resulting in accuracy 

impairments in reaching and responding to perturbations55, 56. Additionally, impaired transcortical 

feedback pathways would reduce the long-latency reflex ability to respond to perturbations, resulting in 

the increases in deceleration time and maximum displacement that were observed67, 73, 75, 76. Thus, the 

anatomical location of infarcts in stroke NHPs are in agreement and can account for the deficits quantified 

in the KINARM tasks with the affected-arm.   
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In addition to impairments of the affected-arm of stroke NHPs, KINARM tasks also identified 

several deficits in the unaffected-arm. Bilateral impairments following stroke have previously been 

confirmed in several sensorimotor tasks including reaching and long latency stretch responses71, 73, 78. One 

explanation of how ipsilesional deficits can present is through disinhibition of the contralateral primary 

motor cortex which has been observed in strokes of cortical nature56, 79. Loss of motor control to the 

ipsilesional arm after stroke may explain the deficits in unaffected-arm reaches of S2 that seemed to 

overshoot peripheral targets. Another way in which task performance of the unaffected-arm may have 

been impaired was through deficits in visuo-spatial perception that have been shown to be associated with 

ipsilesional deficits in hand dexterity80. This may have been of particular importance in S1 who had large 

portions of infarction in the parietal lobe, which is responsible for sensory function. Lesions in the 

posterior parietal, superior temporal, and anterior occipital lobes in S1 may have also contributed to the 

neglect and vision problems identified on the NHPSS. Overall, impairments in many possible processes 

that agree with the infarcted regions on MRI scans may account for the observed unaffected-arm deficits 

of stroke NHPs during KINARM tasks, however, T2-weighted images do not allow for the identification 

of disrupted interhemispheric connections. Thus, it is hard to pinpoint the specific mechanisms underlying 

ipsilesional impairment.   

5.4 Limitations  

5.4.1 Hand dominance  

Handedness in Macaca fasicularis has been extensively studied with the general consensus that 

there exists no species-wide bias between right and left arm performance and preference, however, 

handedness in individual cynomolgus macaques has been shown to vary81, 82, 83, 84. Moreover, although the 

majority of M. fasicularis display no preference between their two arms, in both juvenile and adult 

cynomolgus macaques left and right-handedness has been recorded with equal frequency82, 84. One widely 

accepted explanation for this variability in hand preference is that handedness in cynomolgus macaques is 
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acquired and is influenced by experiences, task repetition, and task complexity81, 83. This idea is supported 

by the fact that within individual cynomolgus macaques handedness can actually change between tasks83. 

Thus, although most M. fasicularis display no bias towards either limb, dominance of the right or left 

limbs for a specific task has been observed and has the potential to be a confounding factor in 

performance analysis.  

In the current study, presence of hand dominance in any NHP subject may have led to better 

motor performance with one arm and has the potential to skew results towards the dominant limb. 

Further, this could ultimately create false differences due to stroke that were actually due to handedness 

or could potentially mask deficits due to stroke. Since the deficits identified in the affected-limb of stroke 

NHPs were of such a great magnitude, these findings were probably only minimally affected by 

dominance, if at all, for hand preference could not account for such a large difference. Contrastingly, 

deficits of the unaffected-limb were more minute and have the potential to have been influenced by hand 

dominance. As task repetition has been known to shape handedness, during working days tasks were 

completed with in both arms an equal amount of times, however, throughout training there may have been 

imbalances in the number of times the task was attempted across limbs83. Additionally, development of 

hand dominance was minimized as the KINARM tasks used in this study were of low-complexity which 

have been shown to not induce handedness83. Overall, future studies should carefully track training days 

to ensure equal performance amount across limbs as well as have a longitudinal design such that a 

baseline of performance on KINARM tasks can be obtained before stroke induction in order to test for the 

presence of hand dominance.  

5.4.2 Motivation  

A large limitation of our study was the inherent communication issue present when working with 

any animal such that NHPs could not be directly told what to do and had to be made to accomplish tasks 

through motivation and positive reinforcement. The resulting caveat of this disconnect was that it was 

impossible to tell if NHPs were attempting tasks to the best of their ability or if they simply were not 
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motivated or were not trying. For this reason, only successful trials were considered in analysis for even 

control NHPs displayed a number of unsuccessful trials due to assumed motivational discrepancies. In 

order to minimize the bias of only including successful trials in our assessment, task specifications were 

set to the easiest possible level such that the most impaired NHP could consistently accomplish the task 

successfully, reducing the overall number of unsuccessful trials. Despite this limitation, the KINARM 

tasks were still able to identify significant deficits in stroke NHPs and inclusion of unsuccessful trials in 

analysis would only enhance these deficits, if they had any effect at all.  

5.4.3 Direct muscle recordings 

Another limitation of the present study was that muscle activity was not directly collected to 

measure muscle stretch responses. Despite this, reduction of long-latency muscle responses in the PP task 

was indirectly assumed and supported by increased deceleration times in stroke NHPs. Future studies 

should confirm this assumption by using electromyography (EMG) recordings to reveal the exact 

relationship between muscle activity and behavioural responses to perturbations. EMG analysis would 

ensure that factors such as co-contraction at perturbation onset, muscle stiffness, or muscle co-activity did 

not confound results56.  

5.4.4 KINARM  

The KINARM exoskeleton robot provides gravitational support to arms and assesses motion in a 

horizontal 2D plane55, 56, 58. This uncoupled the strength and motor coordination needed for daily 

activities, such as reaching and responding to perturbations, so that KINARM task performance may not 

be reflective of ADL in three dimensions55, 56. Conversely, uncoupling of strength and motor coordination 

may be beneficial as it may allow the processes underlying impairment to be revealed55, 56. Specifically, 

subjects with stroke related deficits that rendered their affected-arm unable to perform ADL could 

potentially be able to perform motor actions while their arm was supported by the KINARM so that 

impairments could still be quantified55. Future studies should include an assessment of the ability to 
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counter gravitational forces in addition to assessment of the 2D KINARM tasks in order to reveal the 

mechanisms underlying stroke impairments as well as relate them to the context of ADL.  
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Chapter 6: Conclusions and Future Directions 

This thesis proved the efficacy of robotic technology to be used as an assessment tool to quantify 

sensorimotor function following stroke in NHPs. Deficits in both reaching behaviour as well as in 

responding to mechanical perturbations to the arm were successfully identified using the KINARM 

exoskeleton robot. By analyzing tasks by condition, specific impairments that were unique to each stroke 

NHP as compared to control behaviour could be quantified. Additionally, quantification of deficits 

enabled comparison of impairments by magnitude, which was important because although many 

significant differences in performance were found, the severity of impairment varied greatly. This 

allowed for an individualized characterization of stroke related deficits so that potential affected 

underlying mechanisms could be elucidated. Moreover, KINARM tasks identified additional deficits, 

such as those in the unaffected-arm, as well as provided a more detailed description of deficits as 

compared to current clinical measures of impairment. The high sensitivity and specificity of robotic 

technology is important because future stroke therapies may have slight but significant effects that must 

be identified in order for them to progress past experimental models and subsequently succeed in human 

populations54, 55, 56. Further, the robotic tasks used in this study were previously proven to show deficits in 

human stroke populations and thus represent outcome measures that may be conserved from preclinical to 

clinical trials55, 56. In this regard, this research represents a novel behavioural assessment paradigm in a 

NHP model of stroke with high sensitivity and specificity, as well as an efficacious human correlate and 

may indeed increase the likelihood of translatability for future stroke therapies.  

In this study, T2-weighted MRI scans were used to confirm the location of the stroke but future 

research should attempt to further classify the infarct using additional imaging techniques. For example, 

volumetric T2-weighted MRI analysis can be used to quantify the volume of infarcted tissue and may be 

an indicator of neurological impairment. In fact, the preclinical NHP study of the neuroprotectant NA-1 

displayed a correlation between stroke volume and NHPSS score39. Contrastingly, the relationship 

between infarcted brain volume and clinical outcome is inconclusive in human populations, as increased 
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stroke volume frequently shows little to no association with worse clinical outcome39, 85. Recent studies 

have suggested that this discrepancy may be due to certain brain regions contributing to functional 

outcome greater than others86. Accordingly, area-specific, volumetric T2-weighted MRI analysis may be 

used to separate affected brain tissue by region in order to discern mechanisms underlying impairment 

and identify more direct indicators of outcome. Specifically, a study using a NHP model of stroke found 

that infarction of parietal area 5 correlated with functional outcome measures and may be a strong 

indicator of stroke recovery86. Though it is evident that the degree and location of brain tissue death 

following stroke is important for determining behavioural outcomes, disrupted connections in the brain 

also have the potential to impair function. A study using cynomologus macaques confirmed the 

importance of brain network integrity as it showed that interhemispheric connectivity was correlated to 

improved functional recovery following stroke87. Future translational stroke studies should include similar 

assessments by carrying out both anatomical and functional analysis of brain region connectivity using 

diffusion tensor imaging (DTI) and functional MRI (fMRI), respectively. Overall, incorporation of 

advanced MRI technology in stroke lesion assessment will allow for better characterization of the infarct 

and may help elucidate mechanisms leading to behavioural deficits.  

Stroke NHP subjects in the present study were assessed for neurobehaviour after stoke induction. 

Future studies should aim to have a longitudinal design, where NHPs are trained on KINARM tasks and a 

baseline of performance before stroke is obtained. This would allow subjects to act as their own controls 

and limit any inherent confounding variability in individual performance ability. Additionally, assessment 

of sensorimotor function before and after stroke would allow changes in function due to stroke to be 

directly followed. In combination with imaging techniques, this may help illustrate stroke evolution over 

time and the corresponding behavioural, functional and anatomical changes that follow it.  

Ultimately, the purpose of this study was to establish a reliable means of assessing 

neurobehavioural outcome in a NHP model of stroke that can be conserved from preclinical to clinical 

trials to increase the likelihood of success translating future stroke therapies. As this study proved the 
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efficacy of the KINARM exoskeleton robot to provide objective determination of specific sensorimotor 

deficits in NHPs, future studies should aim to use this methodological paradigm to optimize success of 

either novel stroke drugs or rehabilitation efforts.  

  



92 

 

References 

1.  Ontario Stroke Network. (2016). Stroke stats and facts. Retrieved January 25, 2017, from 
http://ontariostrokenetwork.ca/information-about-stroke/stroke-stats-and-facts/ 

2.  Feigin, V. L., Lawes, C. M. M., Bennett, D. A., & Anderson, C. S. (2003). Stroke epidemiology: A 
review of population-based studies of incidence, prevalence, and case-fatality in the late 20th 
century. Lancet Neurology. 

3.  Saposnik, G., Cote, R., Phillips, S., Gubitz, G., Bayer, N., Minuk, J., & Black, S. (2008). Stroke 
Outcome in Those Over 80. Stroke, 39(8).  

4.  Krueger, H., Koot, J., Hall, R. E., O’Callaghan, C., Bayley, M., & Corbett, D. (2015). Prevalence of 
Individuals Experiencing the Effects of Stroke in Canada: Trends and Projections. Stroke, 46(8), 
2226–2231. 

5.  Johansen, H. L., Wielgosz, A. T., Nguyen, K., & Fry, R. N. (2006). Incidence, comorbidity, case 
fatality and readmission of hospitalized stroke patients in Canada. The Canadian Journal of 
Cardiology, 22(1), 65–71. 

6.  Sacco, R. L., Kasner, S. E., Broderick, J. P., Caplan, L. R., Connors, J. J. (Buddy), Culebras, A., … 
Vinters, H. V. (2013). An Updated Definition of Stroke for the 21st Century. Stroke, 44(7), 2064–
2089. 

7.  Brainin, M., Heiss, W.-D., & Heiss, S. (2010). Textbook of stroke medicine. Cambridge University 
Press. 

8.  Stroke Assocation. (2016). About Stroke. Retrieved January 25, 2017, from 
http://www.strokecenter.org/patients/about-stroke/ischemic-stroke/ 

9.  Rathore, S. S., Hinn, A. R., Cooper, L. S., Tyroler, H. A., & Rosamond, W. D. (2002). 
Characterization of Incident Stroke Signs and Symptoms. Stroke, 33(11), 2718–2721. 

10.  Grau, A. J., Weimar, C., Buggle, F., Heinrich, A., Goertler, M., Neumaier, S., … Diener, H.-C. 
(2001). Risk Factors, Outcome, and Treatment in Subtypes of Ischemic Stroke: The German Stroke 
Data Bank. Stroke, 32(11), 2559–2566. 

11.  Ariesen, M. J., Claus, S. P., Rinkel, G. J. E., & Algra, A. (2003). Risk factors for intracerebral 
hemorrhage in the general population: a systematic review. Stroke, 34(8), 2060–2065.  

12.  N., M., S.J., S., & M., S. (2010). Impact of disability status on ischemic stroke costs. Stroke, 41(4), 
e390.  

13.  Public Health Agency of Canada. (2009). Tracking Heart Disease and Stroke in Canada. Stroke. 
Canada.  

14.  Staines, RW; Mcllroy, WE; Brooks, D. (2009). Functional Impairments Following Stroke: 
Implications for Rehabilitation. Current Issues in Cardiac Rehabilitation and Prevention, 17(1), 5–
8.  

15.  Doyle S, M. K., Doyle, S., Bennett, S., Fasoli, S. E., & McKenna, K. T. (2010). Interventions for 
sensory impairment in the upper limb after stroke (Review). Cochrane Database of Systematic 
Reviews, (6), CD006331. 

16.  Deb, P., Sharma, S., & Hassan, K. M. (2010). Pathophysiologic mechanisms of acute ischemic 
stroke: An overview with emphasis on therapeutic significance beyond thrombolysis. 
Pathophysiology. 

17.  Brouns, R., & De Deyn, P. P. (2009). The complexity of neurobiological processes in acute 
ischemic stroke. Clinical Neurology and Neurosurgery. 

18.  Roth, J. M. (2011). Recombinant tissue plasminogen activator for the treatment of acute ischemic 
stroke. Proceedings (Baylor University. Medical Center), 24(3), 257–9.  

19.  Saver, J. L., Goyal, M., van der Lugt, A., Menon, B. K., Majoie, C. B. L. M., Dippel, D. W., … M, 
F. (2016). Time to Treatment With Endovascular Thrombectomy and Outcomes From Ischemic 
Stroke: A Meta-analysis. JAMA, 316(12), 1279. 



93 

 

20.  Chia, N. H., Leyden, J. M., Newbury, J., Jannes, J., & Kleinig, T. J. (2016). Determining the 
Number of Ischemic Strokes Potentially Eligible for Endovascular Thrombectomy. Stroke, 48(4).  

21.  Bacigaluppi, M. (2010). Animal Models of Ischemic Stroke. Part Two: Modeling Cerebral Ischemia. 
The Open Neurology Journal, 4(1), 34–38. 

22.  Cook, D. J., & Tymianski, M. (2012). Nonhuman primate models of stroke for translational 
neuroprotection research. Neurotherapeutics : The Journal of the American Society for Experimental 
NeuroTherapeutics, 9(2), 371–9. 

23.  Fisher, M., & Tatlisumak, T. (2005). Use of Animal Models Has Not Contributed to Development 
of Acute Stroke Therapies. Stroke, 36(10), 2324–2325. 

24.  Carmichael, S. T. (2005). Rodent models of focal stroke: size, mechanism, and purpose. NeuroRx, 
2(3), 396–409. 

25.  Zivin, J. A., Fisher, M., DeGirolami, U., Hemenway, C. C., & Stashak, J. A. (1985). Tissue 
plasminogen activator reduces neurological damage after cerebral embolism. Science, 230(4731), 
1289–1292. 

26.  Avenue, G. (1999). Recommendations for standards regarding preclinical neuroprotective and 
restorative drug development. Stroke; a Journal of Cerebral Circulation, 30(12), 2752–2758. 

27.  Kidwell, C. S., Liebeskind, D. S., Starkman, S., & Saver, J. L. (2001). Trends in acute ischemic 
stroke trials through the 20th century. Stroke, 32(6), 1349–1359. 

28.  O’Collins, V. E., Macleod, M. R., Donnan, G. A., Horky, L. L., Van Der Worp, B. H., & Howells, 
D. W. (2006). 1,026 Experimental treatments in acute stroke. Annals of Neurology, 59(3), 467–477. 

29.  Fisher, M., Feuerstein, G., Howells, D. W., Hurn, P. D., Kent, T. A., Savitz, S. I., & Lo, E. H. 
(2009). Update of the stroke therapy academic industry roundtable preclinical recommendations. 
Stroke, 40(6), 2244–2250. 

30.  Tagaya, M., Liu, K. F., Copeland, B., Seiffert, D., Engler, R., Garcia, J. H., & del Zoppo, G. J. 
(1997). DNA scission after focal brain ischemia. Temporal differences in two species. Stroke, 28(6), 
1245–1254.  

31.  Lees, K. R., Zivin, J. A., Ashwood, T., Davalos, A., Davis, S. M., Diener, H. C., … Wasiewski, W. 
W. (2006). NXY-059 for acute ischemic stroke. New England Journal of Medicine, 354(6), 588–
600. 

32.  Mack, W. J., King, R. G., Hoh, D. J., Coon, A. L., Ducruet, A. F., Huang, J., … Connolly, E. S. 
(2003). An improved functional neurological examination for use in nonhuman primate studies of 
focal reperfused cerebral ischemia. Neurol Res, 25(3), 280–284. 

33.  Roitberg, B., Khan, N., Tuccar, E., Kompoliti, K., Chu, Y., Alperin, N., … Emborg, M. E. (2003). 
Chronic ischemic stroke model in cynomolgus monkeys: Behavioral, neuroimaging and anatomical 
study. Neurological Research, 25(1), 68–78. 

34.  Cook, D. J., Teves, L., & Tymianski, M. (2012). A Translational Paradigm for the Preclinical 
Evaluation of the Stroke Neuroprotectant Tat-NR2B9c in Gyrencephalic Nonhuman Primates. 
Science Translational Medicine, 4(154), 154ra133-154ra133. 

35.  Hill, M. D., Martin, R. H., Mikulis, D., Wong, J. H., Silver, F. L., Terbrugge, K. G., … Tymianski, 
M. (2012). Safety and efficacy of NA-1 in patients with iatrogenic stroke after endovascular 
aneurysm repair (ENACT): a phase 2, randomised, double-blind, placebo-controlled trial. The 
Lancet. Neurology, 11(11), 942–50. 

36.  Casals, J. B., Pieri, N. C. G., Feitosa, M. L. T., Ercolin, A. C. M., Roballo, K. C. S., Barreto, R. S. 
N., … Ambrósio, C. E. (2011). The use of animal models for stroke research: A review. 
Comparative Medicine. American Association for Laboratory Animal Science.  

37.  Marshall, J. W. B., & Ridley, R. M. (2003). Assessment of Cognitive and Motor Deficits in a 
Marmoset Model of Stroke. ILAR Journal, 44(2), 153–160. 

38.  McEntire, C. R. S., Choudhury, G. R., Torres, A., Steinberg, G. K., Redmond, D. E., & Daadi, M. 
M. (2016). Impaired Arm Function and Finger Dexterity in a Nonhuman Primate Model of Stroke. 
Stroke, 47(4), 1109–1116. 



94 

 

39.  Cook, D. J., Teves, L., & Tymianski, M. (2012). Treatment of stroke with a PSD-95 inhibitor in the 
gyrencephalic primate brain. Nature, 483(7388), 213–7. 

40.  Brott, T., Adams, H. P., Olinger, C. P., Marler, J. R., Barsan, W. G., Biller, J., … Hertzberg, V. 
(1989). Measurements of acute cerebral infarction: a clinical examination scale. Stroke, 20(7), 864–
870. 

41.  Tong, D. C., Yenari, M. A., Albers, G. W., O’Brien, M., Marks, M. P., & Moseley, M. E. (1998). 
Correlation of perfusion- and diffusion-weighted MRI with NIHSS score in acute (<6.5 hour) 
ischemic stroke. Neurology, 50(4), 864–70. 

42.  Schlegel, D., Kolb, S. J., Luciano, J. M., Tovar, J. M., Cucchiara, B. L., Liebeskind, D. S., & 
Kasner, S. E. (2003). Utility of the NIH stroke scale as a predictor of hospital disposition. Stroke, 
34(1), 134–137. 

43.  Kwakkel, G., Veerbeek, J. M., van Wegen, E. E. H., Nijland, R., Harmeling-van der Wel, B. C., & 
Dippel, D. W. J. (2010). Predictive value of the NIHSS for ADL outcome after ischemic 
hemispheric stroke: Does timing of early assessment matter? Journal of the Neurological Sciences, 
294(1–2), 57–61. 

44.  Gladstone, D. J., Danells, C. J., & Black, S. E. (2002). The fugl-meyer assessment of motor 
recovery after stroke: a critical review of its measurement properties. Neurorehabilitation and 
Neural Repair, 16(3), 232–240. 

45.  Fugl-Meyer, A. R., Jääskö, L., Leyman, I., Olsson, S., & Steglind, S. (1975). The post-stroke 
hemiplegic patient. 1. a method for evaluation of physical performance. Scandinavian Journal of 
Rehabilitation Medicine, 7(1), 13–31. 

46.  Duncan, P. W., Propst, M., & Nelson, S. G. (1983). Reliability of the Fugl-Meyer assessment of 
sensorimotor recovery following cerebrovascular accident. Physical Therapy, 63(10), 1606–10.  

47.  Crow, J. L., & Harmeling-van der Wel, B. C. (2008). Hierarchical properties of the motor function 
sections of the Fugl-Meyer assessment scale for people after stroke: a retrospective study. Physical 
Therapy, 88(12), 1554–1567. 

48.  Banks, J. L., & Marotta, C. A. (2007). Stroke Clinical Trials: A Literature Review and 
SynthesisOutcomes Validity and Reliability of the Modified Rankin Scale: Implications for. Stroke 
(Vol. 38).  

49.  Sulter, G., Steen, C., & Keyser, D. J. (1999). Use of the Barthel index and modified Rankin scale in 
acute stroke trials. Stroke. 

50.  Quinn, T. J., Dawson, J., Walters, M. R., & Lees, K. R. (2009). Exploring the Reliability of the 
Modified Rankin Scale. Stroke, 40(3), 762–6. 

51.  Gowland, C., Stratford, P., Ward, M., Moreland, J., Torresin, W., & Van Hullenaar, S. (1993). 
Measuring physical impairment and disability with the Chedoke-McMaster Stroke Assessment. 
Stroke, 24(1), 58–63. 

52.  Barreca, S. R., Stratford, P. W., Lambert, C. L., Masters, L. M., & Streiner, D. L. (2005). Test-
Retest reliability, validity, and sensitivity of the chedoke arm and hand activity inventory: A new 
measure of upper-limb function for survivors of stroke. Archives of Physical Medicine and 
Rehabilitation, 86(8), 1616–1622. 

53.  Duncan, P. W., Stig Jorgensen, H., & Wade, D. T. (2000). Outcome measures in acute stroke 
trials :A systematic review and some recommendations to improve practice. Stroke, 31(6), 1429–
1438. 

54.  Scott, S. H., & Dukelow, S. P. (2011). Potential of robots as next-generation technology for clinical 
assessment of neurological disorders and upper-limb therapy. J Rehabil Res Dev, 48(4), 335–353. 

55.  Coderre, A. M., Zeid, A. A., Dukelow, S. P., Demmer, M. J., Moore, K. D., Demers, M. J., … Scott, 
S. H. (2010). Assessment of upper-limb sensorimotor function of subacute stroke patients using 
visually guided reaching. Neurorehabilitation and Neural Repair, 24(6), 528–541. 

56.  Bourke, T. C., Coderre, A. M., Bagg, S. D., Dukelow, S. P., Norman, K. E., & Scott, S. H. (2015). 
Impaired corrective responses to postural perturbations of the arm in individuals with subacute 



95 

 

stroke. Journal of Neuroengineering and Rehabilitation, 20, 12–17. 
57.  Scott, S. H. (1999). Apparatus for measuring and perturbing shoulder and elbow joint positions and 

torques during reaching. J Neurosci Methods, 89(2), 119–127. 
58.  Scott, S. H. (2000). Role of motor cortex in coordinating multi-joint movements: is it time for a new 

paradigm? Canadian Journal of Physiology and Pharmacology, 78, 923–933. 
59.  Beer, R. F., Dewald, J. P. A., & Rymer, W. Z. (2000). Deficits in the coordination of multijoint arm 

movements in patients with hemiparesis: evidence for disturbed control of limb dynamics. 
Experimental Brain Research., 131(3), 305–319. 

60.  Roby-Brami, A., Fuchs, S., Mokhtari, M., & Bussel, B. (1997). Reaching and Grasping Strategies in 
Hemiparetic Patients. Motor Control, 1(1), 72–91. 

61.  Trumbower, R. D., Finley, J. M., Shemmell, J. B., Honeycutt, C. F., & Perreault, E. J. (2013). 
Bilateral impairments in task-dependent modulation of the long-latency stretch reflex following 
stroke. Clinical Neurophysiology, 124(7), 1373–1380. 

62.  Olesovsky, S. (2016). Robotic Outcome Assessment in a Non-Human Primate Model of Middle 
Cerebral Artery Stroke. QSpace. 

63.  Bernspang, B., Asplund, K., Eriksson, S., & Fugl-Meyer, A. R. (1987). Motor and perceptual 
impairments in acute stroke patients: effects on self-care ability. Stroke, 18(6), 1081–1086. 

64.  Banks, J. L., & Marotta, C. A. (2007). Outcomes Validity and Reliability of the Modified Rankin 
Scale: Implications for Stroke Clinical Trials: A Literature Review and Synthesis. Stroke, 38(3), 
1091–1096. 

65.  Scott, S. H. (2012). The computational and neural basis of voluntary motor control and planning. 
Trends Cogn Sci, 16(11), 541–549. 

66.  Sabes, P. (2000). The planning and control of reaching movements. Current Opinion in 
Neurobiology, 10(6), 740–746. 

67.  Scott, S. H. (2004). Optimal feedback control and the neural basis of volitional motor control. Nat 
Rev Neurosci, 5(7), 532–546. 

68.  Graham, K. M., Moore, K. D., Cabel, D. W., Gribble, P. L., Cisek, P., & Scott, S. H. (2003). 
Kinematics and kinetics of multijoint reaching in nonhuman primates. J Neurophysiol, 89(5), 2667–
2677. 

69.  Dounskaia, N., & Wang, W. (2014). A preferred pattern of joint coordination during arm 
movements with redundant degrees of freedom. J Neurophysiol, 112(5), 1040–1053. 

70.  Cirstea, M. C. (2000). Compensatory strategies for reaching in stroke. Brain, 123(5), 940–953. 
71.  Schaefer, S. Y., Haaland, K. Y., & Sainburg, R. L. (2007). Ipsilesional motor deficits following 

stroke reflect hemispheric specializations for movement control. Brain, 130(8), 2146–2158. 
72.  Zackowski, K. M., Dromerick, A. W., Sahrmann, S. A., Thach, W. T., & Bastian, A. J. (2004). How 

do strength, sensation, spasticity and joint individuation relate to the reaching deficits of people with 
chronic hemiparesis? Brain. 

73.  Pruszynski, J. A., Kurtzer, I., Nashed, J. Y., Omrani, M., Brouwer, B., & Scott, S. H. (2011). 
Primary motor cortex underlies multi-joint integration for fast feedback control. Nature, 478(7369), 
387–90. 

74.  Twitchell, T. E. (1951). The restoration of motor function following hemiplegia in man. Brain, 
74(4), 443–480. 

75.  Marsden, C. D., Merton, P. A., Morton, H. B., & Adam, J. (1977). The effect of lesions of the 
sensorimotor cortex and the capsular pathways on servo responses from the human long thumb 
flexor. Brain, 100(3), 503–526. 

76.  Pruszynski, J. A., & Scott, S. H. (2012). Optimal feedback control and the long-latency stretch 
response. Exp Brain Res, 218(3), 341–359. 

77.  Lee, R. G., & Tatton, W. G. (1975). Motor responses to sudden limb displacements in primates with 
specific CNS lesions and in human patients with motor system disorders. Can J Neurol Sci, 2(3), 
285–293. 



96 

 

78.  Desrosiers, J., Bourbonnais, D., Bravo, G., Roy, P. M., & Guay, M. (1996). Performance of the 
“unaffected” upper extremity of elderly stroke patients. Stroke, 27, 1564–1570. 

79.  Shimizu, T., Hosaki, A., Hino, T., Sato, M., Komori, T., & Hirai, S. (2002). Motor cortical 
disinhibition in the unaffected hemisphere after unilateral cortical stroke. Brain, 125(8), 1896–1907. 

80.  Sunderland, A., Bowers, M. P., Sluman, S. M., Wilcock, D. J., & Ardron, M. E. (1999). Impaired 
dexterity of the ipsilateral hand after stroke and the relationship to cognitive deficit. Stroke, 30(5), 
949–55.  

81.  Warren, J. M. (1980). Handedness and laterality in humans and other animals. Physiological 
Psvchology, 8(3), 351–359. 

82.  Westergaard, G. C., Lussier, I. D., & Higley, J. D. (2001). Between-species variation in the 
development of hand preference among macaques. Neuropsychologia, 39(13), 1373–1378. 

83.  Chatagny, P., Badoud, S., Kaeser, M., Gindrat, A. D., Savidan, J., Fregosi, M., … Rouiller, E. M. 
(2013). Distinction between hand dominance and hand preference in primates: A behavioral 
investigation of manual dexterity in nonhuman primates (macaques) and human subjects. Brain and 
Behavior, 3(5), 575–595. 

84.  Papademetriou, E., Sheu, C.-F., & Michel, G. F. (2005). A Meta-Analysis of Primate Hand 
Preferences , Particularly for Reaching. Journal of Comparative Psychology, 119(1), 33–48. 

85.  Johnston, K. C., Wagner, D. P., Wang, X.-Q., Newman, G. C., Thijs, V., Sen, S., … GAIN, 
Citicoline, and ASAP Investigators. (2007). Validation of an Acute Ischemic Stroke Model: Does 
Diffusion-Weighted Imaging Lesion Volume Offer a Clinically Significant Improvement in 
Prediction of Outcome? * Definitions and Explanations. Stroke, 38(6), 1820–1825. 

86.  Wang, J., Nashed, J., Poole, M., St Amand, T., & Cook, D. (2015). Parietal area 5 preservation 
determines motor recovery in a gyrencephalic non-human primate model of MCA stroke. Journal of 
Neurosurgery, 123(2), A527.  

87.  Cook, D., Nashed, J., Jason, G., Coverdale, N., & St Amand, T. (2016). Interhemispheric parietal 
connectivity is associated with improved functional recovery following MCA stroke in the 
cynomolgus macaque. JOURNAL OF NEUROSURGERY, 124(4), A1184–A1185.  

 


