
TRAINING CONSIDERATIONS AND IMPLEMENTATION OF ROBOTIC 

ASSESSMENTS OF UPPER LIMB FUNCTION IN A NONHUMAN 

PRIMATE MODEL OF CHRONIC STROKE 
 

 

 

by 

 

Yining Chen 

 

 

 

A thesis submitted to the Centre for Neuroscience Studies 

in conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2021) 

 

Copyright ©Yining Chen, 2021 



ii 

Abstract 

During the development of potential stroke therapies, preclinical studies using animal 

models are crucial for evaluating safety and efficacy prior to human clinical trials. In designing 

preclinical studies, there are a number of experimental considerations that must be taken into 

account including selection of the appropriate animal model and method of stroke induction. 

These considerations depend critically both on the nature of therapy development and on the 

specific pathophysiological mechanism of damage that is being targeted. Despite published 

recommendations, preclinical stroke research is still a murky landscape without unifying 

methodologies on the assessment of behavioral or histological measures of outcome. The 

emergence of robotic forms of assessment and therapy could prove a useful tool for solving the 

problem of differing methodologies during behavioral assessment. Specifically, robotic 

technologies can be programmed to run certain tasks, and the motor movements of upper and 

lower limbs and the trunk recorded with high spatial and temporal resolution. Moreover, the 

same robotic assessments can also be performed on human subjects with ease, and functional 

outcomes as assessed by the same tasks compared between preclinical animal models of stroke 

and human stroke patients. Such studies could provide novel insight into behavioral and neural 

mechanisms underlying injury and recovery. The chapters of this thesis explore these topics and 

outline the feasibility, training, and ethical considerations of using a nonhuman primate model of 

chronic stroke and the characterization of motor deficits following ischemic stroke using robotic 

technologies. We first demonstrate that large numbers of animals can be trained to learn robotic 

assessment tasks in a timely manner. Subsequently, we show that robotic assessments of upper 

limb deficits in a visually guided reaching task following stroke are similar to those seen in 

human patients. Robotic assessments also reveal spasticity in contralesional elbows following 
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injury. Lastly, we demonstrate that stroke affects the ability to counter externally applied 

postural perturbations. Taken together, these chapters demonstrate that assessing motor deficits 

in a nonhuman primate model of stroke using robotic technologies is a useful framework in 

which to test novel stroke therapies and interventions prior to human trials.  
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Introduction and Overview of Existing Literature 
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1.1 Stroke 

1.1.1 Definition and epidemiology 

A stroke is a neurological injury that occurs when blood supply to the brain is 

compromised. Specifically, it is defined as ischemia causing permanent brain, spinal cord, or 

retinal cell death evaluated on the basis of neuropathological, imaging, and/or clinical evidence 

(Culebras et al., 2013). Stroke is generally classified into two broad categories: ischemic and 

hemorrhagic. Ischemic strokes result from an interruption of the blood supply, while 

hemorrhagic strokes result from blood vessels rupturing and blood accumulating around or in the 

brain. Though most strokes are ischemic in nature (on average 80%) in high-income nations, 

developing countries tend to have higher rates of hemorrhagic stroke (Feigin et al., 2003; 

Grysiewicz et al., 2008). For example, Nigeria and Ghana report only 68% of strokes to be 

ischemic and 32% to be hemorrhagic (Moran et al., 2013).  

Stroke carries an incredibly large burden of disease; in 2013, it accounted for 5% of all 

disability-adjusted life-years (113 million) and 10% of all deaths (6.5 million) worldwide 

(Benjamin et al., 2019; Moran et al., 2013). Though the overall rate of stroke associated 

mortality is decreasing, the absolute number of people with stroke, stroke survivors, and the 

global burden of stroke-related disability is high and increasing (Krishnamurthi et al., 2015). An 

estimated 75% of stroke survivors suffer from some form of physical disability and 50% are 

chronically disabled. Moreover, the estimated global lifetime risk of stroke for adults 25 years or 

older is 24.9% in 2016 (24.7% for men, 25.1% for women), and these estimates are expected to 

rise with shifting demographics because of increases in life expectancy, particularly in 

developing countries (Haley et al., 2011; Khalid et al., 2016; Persson et al., 2015).  
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1.1.2 Etiology 

Hemorrhagic strokes can occur as a result of intracerebral hemorrhage (ICH) or 

subarachnoid hemorrhage (SAH). ICH is commonly associated with hypertension, trauma, 

bleeding disorders, or vascular malformations. In ICH, bleeding from arterioles and/or small 

arteries causes blood to accumulate directly in the brain and results in a localized hematoma. As 

the hematoma grows from continued bleeding, pressure is exerted on surrounding brain tissue. 

Large resulting hematomas are associated with high mortality and morbidity. ICH can resolve if 

the hemorrhage decompresses itself and the blood empties into the ventricular system through 

the cerebrospinal fluid (CSF) on the pial surface of the brain. In contrast to other forms of stroke, 

ICH presents gradually, with patients experiencing headache, vomiting, and decreased level of 

consciousness as the hematoma grows large enough to increase intracranial pressure (ICP) 

(Frizzell, 2005).  

Subarachnoid hemorrhages are associated with bleeding into the subarachnoid space 

surrounding the brain. The main causes of SAH include rupturing of arterial aneurysms at the 

base of the brain or bleeding from vascular malformations that lie near the pial surface. Though 

less common, SAH can also be caused by trauma, amyloid angiopathy, or illicit drug use. 

Ruptured arterial aneurysms cause patients to bleed directly into the cerebral spinal fluid under 

arterial pressure, resulting in dramatic increases in ICP. As such, SAH symptoms have a rapid 

onset in contrast to ICH (Siddique et al., 2009; Woo & Broderick, 2002). Sudden increases in 

ICP cause a severe and widespread headache with pain that may radiate into the neck (“the 

sentinel headache”). In fact, a prospective study of 148 patients presenting to the emergency 

department with sudden and severe headaches found that 25% of participants had SAHs 

(Davenport, 2002). With uncontrolled bleeding, patients often experience coma or death.  
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Ischemic stroke can occur as a result of thrombus formation in an artery that provides 

blood to the brain. Blood flow through a blocked or partially blocked artery depends on many 

factors including blood pressure, blood viscosity, and collateral flow. Thrombotic strokes are 

further characterized based on whether they affect large or small vessels. The large vessels 

include both the extracranial (common and internal carotids, vertebral) and intracranial arterial 

systems (Circle of Willis and proximal branches). Thrombosis in large vessels causes stroke by 

decreasing blood flow to the brain and can also serve as a source of intra-arterial emboli. 

Pathologies affecting large vessels include atherosclerosis, dissection, noninflammatory 

vasculopathy, and Moyamoya syndrome. Atherosclerosis is by far the most common cause of 

disease with characteristic platelet-fibrin and erythrocyte-fibrin thrombi often superimposed on 

atherosclerotic lesions. Small vessel disease refers to thrombi in the intracerebral arterial system, 

specifically the arteries that arise from the distal vertebral artery, basilar artery, middle cerebral 

artery, and the Circle of Willis. The most common cause of thrombosis in small vessels is 

lipohyalinosis, where vessel walls thicken due to tunica media hypertrophy resulting in stenosis 

of the vessel and downstream ischemia. Lipohyalinosis is most closely associated with 

hypertension but may also be a product of aging (Ay, 2010; Guiraud et al., 2010; Phipps & 

Cronin, 2020). 

Ischemic strokes may also be caused by an embolism, and strokes of this nature are 

characterized based on the source of the embolism; specifically, they are those that are known to 

be cardiac in origin, known to be aortic, those with a possible cardiac or aortic source, or those 

with an unknown source. Cardiac conditions associated with embolism formation include atrial 

fibrillation, rheumatic mitral or aortic valve disease, sinus node dysfunction, sustained atrial 

flutter, recent myocardial infarction, cardiomyopathy, infective endocarditis, and coronary artery 
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bypass graft surgery. Emboli with a potential cardiac source can often be detected using 

echocardiogram and their causes include patent foramen ovale, atrial septal aneurysm, atrial 

cardiopathy, and left ventricular aneurysm. As the embolism travels through the circulatory 

system and blocks a blood vessel, patients experience sudden symptoms which are severe at 

onset. In contrast to thrombotic strokes, embolic strokes may affect multiple vascular territories 

at once, especially when the embolism is cardiac or aortic in origin (Phipps & Cronin, 2020).  

Strokes may also occur because of systemic hypoperfusion such as in the case of cardiac 

arrest, arrhythmia, myocardial ischemia, or hemorrhagic shock. In contrast to the other forms of 

stroke discussed above, systemic hypoperfusion is associated with non-focal deficits that are 

bilateral, and patients will show other signs of circulatory compromise such as pallor, 

tachycardia or bradycardia, and low blood pressure (Flemming et al., 2004).  

Though uncommon, blood and coagulation disorders may also be a primary cause of 

stroke. Blood disorders that have been reported to be associated with stroke include sickle cell 

anemia, polycythemia vera, essential thrombocytosis, acquired or congenital protein C or S 

deficiency, Factor V Leiden, antiphospholipid syndrome, and antithrombin III deficiency. Lastly, 

infectious and inflammatory processes associated with increases in acute phase reactants 

(fibrinogen, coagulation factors VII and VIII) such as Crohn’s disease, pneumonia, urinary tract 

infections, and malignancies may lead to stroke if patients have preexisting cardiac or vascular 

endothelial lesions (Hart & Kanter, 1990; Levine, 2005).  

1.1.3 Pathophysiology of injury in stroke 

Under normal physiological conditions, cerebral blood flow is regulated by vascular 

resistance; specifically, blood vessels dilating causes a decrease in resistance and results in an 

increase in cerebral blood flow. Conversely, constricted blood vessels result in higher vascular 
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resistance and decreased cerebral blood flow. This is the mechanism by which the body regulates 

and maintains a constant level of cerebral blood flow despite variations in perfusion pressure that 

may arise, a process known as cerebral autoregulation (Markus, 2004). Cerebral autoregulation 

can maintain cerebral blood flow within 60 to 150 mmHg mean arterial pressure, and 

compensation above or below these limits is incomplete and can result in ischemia at low 

pressures or edema at high pressures. The exact mechanism by which cerebral autoregulation 

occurs is unclear; however, studies have shown that it involves many pathways. For example, 

there is evidence to suggest that the smooth muscle in the cerebral vasculature can directly 

respond to changes in perfusion pressure. Changes in perfusion pressure may also cause the 

release of vasoactive compounds such as nitric oxide from endothelial cells to mediate this 

compensatory mechanism (Aries et al., 2010; Atkins et al., 2010).  

In stroke, the cerebral perfusion pressure falls, and blood vessels dilate to try to maintain 

blood flow; however, as pressure falls below the body’s ability to compensate, cerebral blood 

flow decreases. In response to decreased blood flow, the brain first responds by increasing the 

oxygen extraction fraction in order to maintain oxygenation for cellular processes. With 

sustained low blood flow, the brain is unable to adequately compensate, and cell death occurs as 

a result. The brain has little to no energy reserves and relies on blood flow for oxygen. In fact, it 

receives approximately 20% of cardiac output. As such, the brain is very sensitive to even short 

durations of ischemia. Most strokes are caused by focal ischemia involving a single blood vessel 

and its downstream branches and are localized to a single region of the brain. The region directly 

surrounding the affected vessel is most severely affected by ischemia, and cells within this 

region die by necrosis and form an infarcted stroke core. On the periphery of the core, cells 

receive some oxygen from blood flow through collateral vessels and do not immediately die. If 
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perfusion is restored, the tissue in this area is potentially salvageable, and this “at risk” area is 

known as the penumbra (Aries et al., 2010; Atkins et al., 2010).  

Cell death following ischemia can occur by either apoptosis or necrosis depending on the 

degree of injury (Snider et al., 1999). Necrosis is defined as a series of morphological changes 

that occur after cell death and typically occurs following a severe and sudden injury to cells. The 

hallmarks of necrotic cell death are cell membrane damage, dissolution of organelles, and release 

of cellular contents leading to an inflammatory response (D’Arcy, 2019). Inflammation in brain 

ischemia may have both negative and positive effects. Inflammation causes an increase in blood 

flow to the injured tissue, which delivers glucose and oxygen to the cells; however, increased 

blood flow may also deliver more calcium ions, which could further exacerbate tissue damage. 

Inflammatory cytokines also cause the extravasation of activated leukocytes to damaged tissue. 

While these leukocytes work to remove damaged and necrotic tissue, they release more 

cytokines and attract more inflammatory cells further perpetuating the pro-inflammatory 

environment. In cases of severe inflammation, cytokines can accumulate to toxic levels (Pei et 

al., 2015).  

The immediate physiological consequences of ischemia leading to necrosis involves 

depletion of adenosine triphosphate (ATP). As a result, cells switch to anaerobic glycolysis 

which causes acidosis due to the accumulation of metabolic byproduct lactic acid. The Na+/K+ 

pump also relies on ATP, and as its activity slows, calcium and sodium (and consequently water) 

ions flow down their concentration gradients into the cell, and potassium ions leave the cell. 

Ionic imbalances and the influx of water cause cellular edema, endoplasmic reticulum swelling, 

and activation of downstream signaling pathways that rely on calcium signaling. Specifically, 

calcium activates phospholipases, proteases, endonucleases, and ATPases. Phospholipases 



 

8 

directly break down phospholipids, causing cell membrane damage and proteases further 

compromise membrane structure by breaking down cytoskeletal proteins. The generation and 

accumulation of reactive oxygen species (ROS) also contribute to membrane damage since these 

ROS including superoxide, hydrogen peroxide, and hydroxyl radical cause lipid peroxidation 

(Deb et al., 2010; Doyle et al., 2008).  

In the brain, excitatory neurotransmitters are an additional mechanism by which cell 

damage can occur. Neuronal electrical failure, which occurs at 16-18mL/100g/minute of cerebral 

blood flow, causes widespread glutamate release into synapses (Grewer et al., 2008). This surge 

of excitatory neurotransmitter release causes depolarization. As a result, ion channels open to 

allow more ionic movement down their electrochemical and concertation gradients. Specifically, 

sodium and calcium ions continue to enter the cell and potassium ions leave. The influx of 

sodium ions causes water to move down its osmotic gradient, resulting in an influx of water into 

the cell contributing to edema. Moreover, sodium inhibits glutamate uptake by astrocyte 

glutamate transporters, resulting in sustained glutamatergic action at the synapses. As a result of 

excessive release and decreased uptake, glutamate accumulates at the synapse leading to 

continuous stimulation and excitotoxicity (Rossi et al., 2000; Szatkowski et al., 1990).  

The main glutamatergic receptor responsible for mediating excitotoxicity is N-methyl-D-

aspartame (NMDA) receptors; however, the alpha-amino-3-hydroxy-5-methyl-4-

isoxazoleproprionic acid (AMPA) and metabotropic glutamatergic receptors are also 

hypothesized to play a role. Activation of NMDA receptors increases the activity of nitric oxide 

synthase (NOS) resulting in an increase in nitric oxide in the brain. Nitric oxide is involved in 

cerebral autoregulation under normal physiological conditions. For example, endothelial nitric 

oxide synthase (eNOS) produces low levels of nitric oxide that causes vasodilation and increases 
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blood flow. Neuronal nitric oxide synthase (nNOS) and inducible nitric oxide synthase (iNOS) 

produce much higher levels of nitric oxide which may contribute to brain injury. Nitric oxide 

acts as a free radical and can also react with superoxide to cause DNA damage (Bolaños & 

Almeida, 1999). To mitigate oxidative damage, the cell activates DNA repair enzymes; however, 

this is an especially energetically taxing process given existing oxygen constraints during 

ischemia (Grewer et al., 2008).  

In contrast to necrosis, apoptosis is a highly regulated process by which a cell undergoes 

programmed cell death. When a cell is destined for apoptosis, its chromatin and the contents of 

cytoplasm condenses, but the organelles and plasma membrane remain intact, with the nucleus 

breaking down only in the late stages of apoptosis. The contents of the cell are then divided into 

membrane bound bodies, each of which is eventually phagocytosed by macrophages. As such, 

there is no inflammatory response associated with apoptotic cell death. There are two main 

pathways by which apoptosis is initiated: the intrinsic and extrinsic pathways. The intrinsic 

pathway can be triggered by growth factor withdrawal, DNA damage, and protein misfolding 

(ER stress) which activate proteins that regulate mitochondrial permeability. Imbalances of these 

proteins result in cytochrome c moving from the intermembrane space into the cytoplasm. The 

extrinsic or death receptor pathway is activated by the binding of specific ligands to membrane 

bound receptors. Activation results in downstream activation of adaptor proteins and the 

assembly of a death-inducing signaling complex (“apoptosome”). Both the intrinsic and extrinsic 

pathways activate cysteinyl aspartate-specific proteases (Caspases). Caspases are responsible for 

the inactivation of inhibitors of apoptosis, disassembly of cell structure and scaffolding, and 

deregulation of protein activity (Bayir & Kagan, 2008; D’Arcy, 2019; Elmore, 2007; Wyllie, 

2010).  
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Evidence from animal models suggests that the pattern of cell death after cerebral 

ischemia depends on the nature and duration of the insult (Back et al., 2004). In instances of 

global hypoperfusion such as after cardiac arrest, global cerebral ischemia occurs where the 

entire brain is exposed to ischemia. In these cases, formation of the infarct occurs after a delay of 

12 hours to several days and is limited to areas of the brain that are particularly susceptible to 

ischemic damage (e.g. CA1 and CA4 of the hippocampus), and cell death in these regions occur 

by apoptosis. In contrast, in animal models of focal ischemia, changes in cell morphology 

indicative of necrotic cell death are visible within two to three hours of injury, and the infarct 

develops over 6 to 24 hours. In such models, cell death occurs by necrosis at the infarct core, 

while cells in the penumbra that undergo cell death do so via apoptosis (Deb et al., 2010). 

Studies have shown that longer periods of ischemia produce strokes with a larger necrotic core, 

and as such, a greater proportion of necrotic cell death.  

Evidence from human studies also support the contention that both apoptotic and necrotic 

cell death processes occur following focal cerebral ischemia (Guglielmo et al., 1998; Love et al., 

2000; Sairanen et al., 2006; Tarkowski et al., 1999). For example, a neuropathology study of 

brain tissue from 13 cases of fatal ischemic stroke compared to three patients who died of non-

neurological causes found morphological and histological indicators of apoptosis in cells 

throughout the brain. However, these morphological changes were more advanced in the peri-

infarct region and infarct core of the patients with stroke compared to control patients in the 

same brain areas. Specifically, authors noted that apoptotic cells were primarily located in the 

peri-infarct region, and that increased ischemic damage and increased necrotic cell death were 

associated with fewer apoptotic cells (Sairanen et al., 2006).  
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Perhaps most important in determining whether cells undergo apoptotic or necrotic cell 

death are the levels of ATP available in the cell. The proposed mechanism for this relationship is 

supported by the fact that assembly of the apoptosome is energy-dependent, and apoptosis is 

unable to proceed without this step. Indeed, when cultured neurons grown on culture medium are 

subject to withdrawal of serum, they die by necrosis and not apoptosis. However, in serum-free 

medium with glucose, neurons die by apoptosis (Ueda & Fujita, 2004). In stroke, levels of ATP 

in the brain are depleted without replenishment of oxygen and glucose delivered by blood for 

oxidative phosphorylation. Energy depletion is further exacerbated because of mitochondrial 

damage, the activity of energetically costly repair processes such as DNA repair, and neuronal 

depolarization due to excitotoxicity. As such, ATP levels in the infarcted core are insufficient to 

support apoptosis. However, collateral blood flow supplying oxygen and glucose to cells in the 

peri-infarct region can support some energy production. Indeed, a study found that while ATP 

levels may fall to 25% in the infarcted core, levels in the penumbra may only drop to 50-70% 

(Lipton, 1999). As such, cells in the peri-infarct region have sufficient ATP to proceed with 

apoptosis; however, with increasing duration of ischemia, ATP levels in the peri-infarct region 

are also depleted, and a greater proportion of cells die by necrosis instead of apoptosis.  

Focal cerebral ischemia leads to the loss of structural integrity of brain tissue and blood 

vessels (Deb et al., 2010). Tissue and neurovasculature destruction are mediated by proteases, in 

particular, matrix metalloproteases that degrade collagens and laminins in the basal lamina 

(Doyle et al., 2008; Rosell & Lo, 2008). The loss of vascular integrity leads to breakdown of the 

blood brain barrier resulting in vasogenic cerebral edema (Yang & Rosenberg, 2011). 

Extravasation of proteins and macromolecules into the extracellular space creates osmotic 

pressure, resulting in increased extracellular fluid. Severe compromise of vascular integrity is 
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hypothesized to be a mechanism of hemorrhagic conversion of ischemic infarction by allowing 

blood into the brain parenchyma (Simard et al., 2007). Cerebral edema, either vasogenic or 

cytotoxic in nature, can cause secondary complications including increased ICP which may 

further decrease cerebral blood flow. Severe edema may also cause mass displacement of brain 

tissue, which may be life-threatening.  

1.1.4 Initial assessment and management of acute stroke 

Patients suffering a stroke may present with sudden loss of focal brain function. The 

primary goals of initial assessment are to maintain medical stability (with particular attention 

paid to airway, breathing, and circulation), reverse any conditions that may be contributing to 

brain ischemia, determine whether the patient is a candidate for intravenous thrombolysis 

therapy or endovascular thrombectomy (see section 1.1.5), and lastly, uncover the 

pathophysiologic basis for the patient’s neurological symptoms. It is imperative that assessment 

of stroke patients is prompt because “time equals brain”. In most cases, patient history, physical 

exam, serum glucose, oxygen saturation, and non-contrast computed tomography (CT) scan are 

sufficient to guide acute therapy.  

 All patients presenting with critical illness, including those with stroke, should be 

assessed for vital signs and for stabilized airway, breathing, and circulation. Patients with 

decreased level of consciousness may not be able to protect their airways, and those with raised 

ICP due to hemorrhage may present with vomiting, decreased respiratory drive, or airway 

obstruction. In these cases, intubation may be necessary to ensure adequate ventilation and to 

protect the airway from aspiration.  

 An important aspect of history to elicit is the onset of ischemic stroke symptoms as 

ischemia duration is the main determinant of eligibility for treatment with intravenous 
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thrombolysis and endovascular thrombectomy. History and physical examination should also 

aim to distinguish and eliminate other disorders in the differential diagnosis such as seizures, 

syncope, migraine, or hypoglycemia. The most predictive examination findings for the diagnosis 

of acute stroke are facial paresis, arm weakness, and abnormal speech. The neurological 

examination should aim to confirm the findings from history and physical and to inform 

hypotheses of the vascular region that is affected by stroke since ischemia in different vascular 

territories present as distinct syndromes (Table 1.1; Figure 1.1). There are numerous validated 

scales to guide assessment of neurological deficits including the National Institutes of Health 

Stroke Scale (NIHSS) which comprises 11 items adding up to a total score of 0 to 42 (Table 1.2; 

Fischer et al., 2005; Ortiz & Sacco, 2007). The NIHSS score assesses for level of consciousness, 

visual deficits, and motor deficits of the upper and lower limbs. General cutoffs for minor, 

moderate, moderate to severe, and severe stroke are <5, 5 to 15, 16-20, and >21, respectively 

(Kogan et al., 2020).  

 
  



 

14 

Table 1.1: Acute ischemic stroke syndromes of different affected vascular territories 

Affected artery Syndrome 
Anterior cerebral artery (ACA) Motor and/or sensory deficit (leg, arm) 

 
Grasp, sucking reflex 

 
Paratonic rigidity, gait apraxia 
 

Middle cerebral artery (MCA) Motor and/or sensory deficit (face, arm) 

 
Aphasia 

 
Neglect 

 
Anosognosia 
 

Posterior cerebral artery (PCA) Visual hallucinations 

 
Sensory loss 

 
Spontaneous pain 

 
Paresis of vertical eye movement 

 
Motor deficit 
 

Penetrating vessels Motor hemiparesis 

 
Sensory deficit 

 
Hemiparesis 

 
Dysarthria 
 

Vertebrobasilar Cranial nerve palsies 

 
Crossed sensory deficits 

 
Diplopia, dizziness, nausea, vomiting 

 
Limb and gait ataxia 

 
Motor deficit 

 
Coma 
 

Internal carotid artery Progressive or stuttering onset of MCA syndrome  

  



 

15 

 
Figure 1.1: Visual representation of the vascular territories of cerebral arteries.  

The anterior (blue), middle (yellow), posterior cerebral arteries (red), and anterior choroidal arteries 
(green) in coronal (A.) and transverse planes (B).   
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Table 1.2: NIH Stroke Scale scores 

Category Score 
1a. Level of consciousness 0 = Alert; keenly responsive 
 1 = Not alert; but arousable by minor stimulation 
 2 = Not alert; requires repeated stimulation 
 3 = Unresponsive or responds only with reflex 

  
1b. Level of consciousness questions: 0 = Both answers correct 
What is the month? 1 = Answers 1 question correctly 
What is your age? 
  

2 = Answers 2 questions correctly 
  

1c. Level of consciousness commands: 0 = Performs both tasks correctly 
Open and close your eyes 1 = Performs 1 task correctly 
Grip and release your hand 
  

2 = Performs neither task correctly 
  

2. Best gaze 0 = Normal 
 1 = Partial gaze palsy 
 2 = Forced deviation 

  
3. Visual 0 = No visual loss 
 1 = Partial hemianopia 
 2 = Complete hemianopia 
 3 = Bilateral hemianopia 

  
4. Facial palsy 0 = Normal symmetric movements 
 1 = Minor paralysis 
 2 = Partial paralysis 
 3 = Complete paralysis of 1 or both sides 

  
5. Motor arm 0 = No drift 
5a. Left arm 1 = Drift 
5b. Right arm 2 = Some effort against gravity 
 3 = No effort against gravity; limb falls 
 4 = No movement 

  
6. Motor leg 0 = No drift 
6a. Left leg 1 = Drift 
6b. Right leg 2 = Some effort against gravity 
 3 = No effort against gravity; limb falls 
 4 = No movement 

  
7. Limb ataxia 0 = Absent 
 1 = Present in 1 limb 
 2 = Present in 2 limbs 
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8. Sensory 0 = Normal; no sensory loss 
 1 = Mild to moderate sensory loss 
 2 = Severe to total sensory loss 

  
9. Best language 0 = No aphasia; normal 
 1 = Mild to moderate aphasia 
 2 = Severe aphasia 
 3 = Mute, global aphasia 

  
10. Dysarthria 0 = Normal 
 1 = Mild to moderate dysarthria 

  
2 = Severe dysarthria 
  

11. Extinction and inattention 0 = No abnormality 
 1 = Visual, tactile, auditory, spatial, or personal inattention 
 2 = Profound hemi-inattention or extinction 
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 In addition to initial management of airway, breathing, and circulation and a rapid and 

accurate neurological assessment, acute stroke management also involves blood pressure control, 

fluid management, swallowing assessment, and treating fever and infections. In acute stroke, 

intravascular volume is often depleted which may exacerbate poor cerebral blood flow 

(Rodriguez et al., 2009). For most patients with volume depletion, isotonic saline without 

dextrose is recommended for fluid replacement (Burns et al., 2012). It is important to avoid 

hypotonic fluids and glucose as these may contribute to cerebral edema and hyperglycemia, 

respectively. Hyperglycemia is common in patients with acute stroke. For example, in a study of 

59 patients with acute ischemic stroke, hyperglycemia was found in 32% of patients without 

diabetes and in 81% of patients with diabetes at admission (Allport et al., 2006). Moreover, 

hyperglycemia has been shown to be associated with poor functional outcomes (Béjot et al., 

2012; Bruno et al., 1999; Capes et al., 2001; Dave et al., 2010; Weir et al., 1997; Zonneveld et 

al., 2017). Hyperglycemia is proposed to exacerbate brain injury by increasing tissue acidosis 

from anaerobic metabolism, free radical generation, and increasing blood brain barrier 

permeability (Bruno et al., 2002; Lindsberg & Roine, 2004; Parsons et al., 2002). As such, the 

American Heart Association/American Stroke Association guidelines recommend treatment of 

hyperglycemia to achieve blood glucose levels between 140 and 180mg/dL. However, despite 

recommendations, treating for hyperglycemia in patients with acute ischemic stroke is not 

associated with more favorable outcomes. Specifically, a multicenter randomized controlled trial 

of 1100 patients with hyperglycemia and acute ischemic stroke did not find differences in the 

number of individuals achieving favorable outcomes between those that were treated for 

hyperglycemia (continuous insulin infusion with target blood glucose levels of 80 to 179mg/dL) 
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and those that were not (Johnston et al., 2019). In fact, patients treated for hyperglycemia had 

higher incidences of symptomatic hypoglycemia.  

 Arterial blood pressure is usually elevated in patients with acute stroke. This may be due 

to chronic hypertension or to an acute sympathetic response. Indeed, high systemic blood 

pressure is thought to be necessary to maintain some perfusion pressure in the periinfarct region 

(Aiyagari & Gorelick, 2009).  A study of 1004 patients with ischemic stroke reported a U-shaped 

relationship between admission blood pressure and death within 30 days after stroke, where both 

low and high blood pressures were associated with higher mortality rates (Okumura et al., 2005).  

 Conclusive evidence from randomized controlled trials designed to specifically guide 

blood pressure management in acute stroke is sparse, as are studies investigating the effect of 

systemic blood pressure on perfusion pressure in the ischemic penumbra. A meta-analysis of 13 

randomized controlled trials with over 12,000 subjects found that lowering blood pressure within 

three days of ischemic stroke onset was not associated with decreases in mortality or morbidity 

(Lee et al., 2015). However, these studies included individuals with ICH who may have had 

better outcomes with early blood pressure lowering therapies. In ischemic stroke specifically, 

another randomized controlled trial found that systolic blood pressures of 161 to 180 mmHg 

were associated with better outcomes compared with higher or lower blood pressures (Nasi et al., 

2019). Several observational studies also report that lowering systemic blood pressure within 24 

hours of stroke onset has been associated with clinical deterioration (Castillo et al., 2004; 

Oliveira-Filho et al., 2003; Vlcek et al., 2003). Indeed, it is clear that blood pressure during acute 

ischemic stroke has the potential to affect the extent of injury and functional outcomes; however, 

more studies are required to determine both the timing and nature of this relationship and to 

guide clinical recommendations.  
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Informative laboratory tests in the management of acute stroke include brain imaging, 

blood glucose, oxygen saturation, complete blood count, prothrombin time, thrombin time, and 

international normalized ratio (INR). Cardiac studies using electrocardiography (ECG) is 

important for detecting acute cardiac ischemia, especially since ischemic stroke patients with 

altered level of consciousness may not be able to report chest pain. The ECG and cardiac 

monitoring are important for detecting chronic or intermittent arrhythmias which may predispose 

an individual to embolic events. Current guidelines recommend cardiac monitoring for at least 24 

hours after the onset of ischemic stroke to detect atrial fibrillation or atrial flutter (Powers et al., 

2019).  

Urgent brain imaging with computed tomography (CT) or magnetic resonance imaging 

(MRI) is required for all patients presenting with suspected acute stroke. Neuroimaging is 

required to exclude hemorrhage as a potential cause of the deficits, to evaluate the extent of brain 

injury, to identify the affected vascular territory, and to determine the amount of brain tissue that 

is potentially salvageable.  

1.1.5 Therapies and treatments for acute ischemic stroke 

Timely intervention is the most important factor in successful treatment of acute stroke. 

Reperfusion therapy requires coordination between emergency medicine, neurology, intensive 

care, interventional radiology, and neurosurgery. The primary goal of reperfusion therapy is to 

restore blood flow to ischemic brain regions that are not yet infarcted in hopes of improving 

long-term survival and reducing stroke-related morbidity. Reperfusion therapy includes 

intravenous alteplase and mechanical thrombectomy.  

Intravenous alteplase is the first-line therapy for adults with acute ischemic stroke, and 

therapy given within 4.5 hours of symptom onset (i.e., from the time when the patient was last 
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known to be well) has been shown to improve functional outcome (Emberson et al., 2014; Lees 

et al., 2010, 2016; Prabhakaran et al., 2015; Saver et al., 2013; Wardlaw et al., 2012; Whiteley et 

al., 2016). For example, within 3 hours of stoke onset, alteplase treatment led to favorable 

outcomes for 33% of patients versus 23% of control patients (odds ratio: 1.75, 95% CI 1.35-2.27, 

number needed to treat: 10; Emberson et al., 2014). Alteplase promotes fibrinolysis by binding to 

fibrin in a thrombus and converting plasminogen to plasmin and thus breaking apart the 

thrombus. However, conditions such as previous intracranial hemorrhage, gastrointestinal 

malignancy, gastrointestinal hemorrhage, active internal bleeding, infective endocarditis, low 

platelet count, and numerous others exclude patients from being eligible for the use of alteplase. 

Most exclusionary criteria are related to the increased risk of intracerebral hemorrhage, systemic 

bleeding, and angioedema. In clinical trials, the rates of symptomatic intracerebral hemorrhage 

were 5-7% (Emberson et al., 2014; National Institute of Neurological Disorders and Stroke rt-PA 

Stroke Study Group, 1995). There are numerous risk assessment tools such as the HAT score, 

DRAGON score, and SITS SICH risk score that can be used to weigh the benefit of alteplase 

treatment against risk of hemorrhage; however, additional studies are required to validate such 

tools. To date, current clinical evidence suggests that beyond 4.5 hours after stroke onset, the 

harms and risk of hemorrhage may exceed the beneficial effects of alteplase.  

Mechanical thrombectomy is indicated for patients with strokes of large artery occlusion 

in the anterior circulation presenting within 24 hours of stroke onset. Patients may undergo 

thrombectomy regardless of whether they also received alteplase for the same stroke event. In 

fact, if eligible, patients should receive alteplase even if they are being considered for mechanical 

thrombectomy. In patients eligible for alteplase treatment, it is unclear whether thrombectomy 

alone provides better outcomes than combining intravenous thrombolysis and mechanical 
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thrombectomy (Chalos et al., 2019; Kaesmacher et al., 2019, 2019; Katsanos et al., 2019; Yang 

et al., 2020).  

1.1.6 Risk factor modification and secondary prevention  

The major modifiable risk factors for stroke are hypertension, diabetes mellitus, smoking, 

dyslipidemia, and physical inactivity (Grysiewicz et al., 2008; Hankey, 2006; Harmsen et al., 

2006; O’Donnell et al., 2016). Important unmodifiable risk factors include age, ethnicity, sex, 

family history, and genetics (Grysiewicz et al., 2008; Jerrard-Dunne et al., 2003). Hypertension 

promotes the formation of atherosclerotic lesions, and antihypertensive therapy is associated with 

reduced incidence of stroke. Smoking is associated with an increase in all stroke subtypes and 

has a strong dose-dependent relationship for both ischemic stroke and subarachnoid hemorrhage 

(Kawachi et al., 1993; Kurth et al., 2003; Li et al., 2005; Ockene & Miller, 1997; Peters et al., 

2013; Wilson et al., 1997; Wolf et al., 1988). There are currently no randomized controlled trials 

on the effect of smoking cessation for stroke prevention; however, observational studies have 

reported that the elevated risk of stroke due to smoking declines after smoking cessation, and the 

risk is eliminated by 5 years after quitting (Kawachi et al., 1993; Wannamethee et al., 1995; 

Wolf et al., 1988). Accordingly, AHA/ASA guidelines recommend smoking cessation for 

patients with stroke who have smoked in the year prior to the event (Kernan et al., 2014). 

Patients with diabetes mellitus have double the risk of ischemic stroke compared to the general 

population (Arvanitakis et al., 2006; Emerging Risk Factors Collaboration, 2010; Janghorbani et 

al., 2007; Johnson, 2014; Luitse et al., 2012). Hyperlipidemia is a major risk factor for coronary 

artery disease and high cholesterol could play a role in the pathogenesis of larger artery ischemic 

stroke. Specifically, a meta-analysis found that statins, but not other lipid-lowering therapy 
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(dietary or pharmacological), significantly reduced the risk of stroke in patients with elevated 

cholesterol (Corvol et al., 2003).  

Patients with an ischemic stroke should be treated with available risk reduction and risk 

factor modification strategies because treatment of all major stroke risk factors, compared to no 

treatment, may reduce risk of recurrent stroke by 80% (Hackam & Spence, 2007). These could 

include antihypertensive medication, statin therapy, antithrombotic therapy, and lifestyle 

modifications. Patients with symptomatic carotid disease may benefit from revascularization 

procedures such as carotid endarterectomy (Kernan et al., 2014). Nearly all patients with 

ischemic strokes of atherosclerotic origin should be treated with an antiplatelet agent and low-

density lipoprotein cholesterol lowering therapy with a statin. Lifestyle modifications should 

include smoking cessation, reducing or eliminating alcohol consumption, moderate to vigorous 

intensity physical exercise for at least 40 minutes most days of the week, and weight reduction.  

1.1.7 Complications and prognosis of stroke 

The incidence and severity of complications post-stroke depend on stroke severity and 

baseline health status. Serious reported complications include pneumonia, urinary tract infection, 

gastrointestinal bleeding, myocardial infarction, deep vein thrombosis, and pulmonary embolism 

(Johnston et al., 1998). Pneumonia develops in 4-10% of patients with acute stroke and is 

associated with higher mortality and poorer long-term outcomes (Finlayson et al., 2011; Ingeman 

et al., 2011).  As such, screening for dysphagia post-stroke is important to prevent aspiration 

pneumonia. Venous thromboembolism (VTE) can be potentially life-threatening, and VTE 

prophylaxis is indicated for all patients with acute stroke who have reduced mobility. Urinary 

tract infections occur in 11-15% of patients followed for three months after acute stroke. The use 

of indwelling urinary catheters is associated with increased risk of urinary tract infections and 
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external catheter systems should be used whenever possible. Given that urinary tract infections 

can cause altered mental status and delirium, stroke patients should be screened for urinary tract 

infections. Cardiac complications are associated with strokes since arrhythmias, particularly 

atrial fibrillation, are commonly the cause of acute ischemic strokes. As such, patients presenting 

with stroke should also be assessed for ECG abnormalities and elevated cardiac enzymes. Other 

serious pulmonary complications include neurogenic pulmonary edema, where patients have an 

increase in interstitial and alveolar fluid in the setting of head trauma, seizures, or stroke. 

Neurogenic pulmonary edema is particularly associated with subarachnoid hemorrhage, and it 

may develop abruptly and progress quickly, and patients may require additional ventilatory 

support.  

Neurological complications following stroke include the development of cerebral edema, 

symptomatic hemorrhagic transformation of ischemic stroke, elevated ICP, and hydrocephalus. 

On presentation, patients with space-occupying cerebral edema show signs of decreased arousal, 

pupillary changes, and unilateral motor deficits (Wijdicks et al., 2014). Hemorrhagic 

transformation occurs when ischemia causes vascular damage resulting in blood extravasating 

from damaged vessels. Risk of hemorrhagic transformation is thought to increase with increasing 

size of infarction, as such, patients with malignant hemispheric infarction are at highest risk. 

Early neurological deterioration after acute stroke occurs in 2-38% of patients and is associated 

with poor outcomes (Helleberg et al., 2016; Seners et al., 2015). Reported causes of neurological 

deterioration include infarct growth, hematoma expansion, and toxic metabolic encephalopathy.  

The strongest predictors of post-stroke outcome are stroke severity and patient age. Older 

age is associated with increased stroke morbidity, mortality, and poor long-term outcomes 

(Andersen et al., 2011; Béjot et al., 2012; Counsell et al., 2002; Koennecke et al., 2011; König et 
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al., 2008; Weimar et al., 2004). Specifically, adults over the age of 65 have increased chances of 

mortality in the two months after stroke and being discharged to a nursing facility if they survive 

the initial injury (Kammersgaard et al., 2004; Steiner et al., 1997).  

Stroke severity is generally assessed clinically based on the degree of neurological deficit 

such as using the National Institute of Health Stroke Scale (NIHSS). The NIHSS score accounts 

for altered mental status, language, behavior, visual field, and motor deficits. Studies have 

demonstrated that the NIHSS is a good predictor of stroke outcome; specifically, one study 

found that NIHSS scores obtained within 24 hours of the onset of acute ischemic stroke 

symptoms showed that each additional point on the NIHSS decreased the odds of good outcome 

at 3 months by 17% (Adams et al., 1999). Moreover, scores of < 6 predicted a good recovery, 

characterized by independent functioning, regardless of ability to return to school or work, while 

scores of > 16 were associated with high likelihood of death or severe disability (Adams et al., 

1999). Other studies since have reported that the relationship between NIHSS scores and final 

outcomes vary depending on the time since symptom onset when the assessments were 

conducted. Specifically, early stroke related deficits are unstable, and patients show some degree 

of gradual recovery, and NIHSS values tend to decrease over time (Saver & Altman, 2012). 

Additionally, not captured in NIHSS scores are improvements that patients may make because of 

intravenous thrombolysis and/or mechanical thrombectomy which may dramatically improve 

neurological function. A meta-analysis reports that compared to controls, patients who received 

mechanical thrombectomy are twice as likely to return to functional independence by 90 days 

after treatment (Goyal et al., 2016). Thus, functional assessments post-intervention are important 

and may more accurately predict outcomes than assessments that were performed at initial 

presentation.  
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The relationship between infarct volume based on neuroimaging and functional outcomes 

has also been extensively investigated. A study of over 1800 patients who had CT or MRI within 

72 hours of ischemic stroke onset showed that initial infarct volume was an independent 

predictor of stroke outcome at 90 days, along with age and NIHSS score (Vogt et al., 2012). It 

should be noted however that the strokes analyzed in this study were those of anterior circulation 

or middle cerebral artery territory, and the results may not generalize to posterior circulation, in 

which small infarcts can result in severe disability. Indeed, the infarct location and affected 

vascular territory can influence stroke prognosis as well. Acute occlusions of more proximal 

vasculature such as the cervical internal carotid artery and basilar artery are associated with an 

increased risk of poor outcome (Burke et al., 2011; Paciaroni et al., 2005; Weimar et al., 2006). 

Strokes in the insular region (supplied by the insular branch of the middle cerebral artery) are 

associated with autonomic dysregulation and increased mortality (Abboud et al., 2006; 

Colivicchi et al., 2005), though it is unclear whether this association is due to the specific 

location of the infarct or because insular strokes are generally larger because they undergo 

expansion (Ay et al., 2008; Borsody et al., 2009). Anterior choroidal artery infarcts have been 

shown to be more likely to progress in the first few days after stroke than other subtypes 

(Derflinger et al., 2015; Ois et al., 2009). Strokes affecting the internal capsule have been shown 

to be associated with poor recovery of hand motor function (Schiemanck et al., 2008). Other 

neuroimaging features aside from size and location that may predict outcomes include diffusion-

perfusion mismatch (representing the amount of tissue comprising the infarcted core and viable 

surrounding penumbra), which may be an indicator of potential for lesion enlargement, status of 

collateral blood flow, and risk of cerebral edema (Battey et al., 2014; Kucinski et al., 2003; Lima 

et al., 2010).  
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Health status and the presence of comorbidies are associated with increased risk of poor 

outcomes following stroke. These include anemia, atrial fibrillation, cancer, coronary artery 

disease, dementia, diabetes mellitus, hyperglycemia, heart failure, renal dysfunction, and poor 

nutritional status (Andersen et al., 2011; Barlas et al., 2016; Coutts et al., 2012, 2012; Desilles et 

al., 2013; FOOD Trial Collaboration, 2003; Frankel et al., 2000; McGrath et al., 2013; 

O’Donnell et al., 2012; Saposnik et al., 2011; Stöllberger et al., 2005). Body mass index has been 

shown to be inversely related to stroke prognosis, such that patients who are underweight or 

normal weight have higher mortality rates and worse functional outcomes than patients who are 

overweight or obese (Olsen et al., 2008; Vemmos et al., 2011). Strokes that occur 

postoperatively are associated with high morbidity (Stamou et al., 2001). Differences in sex, 

race, and socioeconomic status may also affect stroke recovery. Most studies have reported that 

women are more likely to have poor outcomes than men post-stroke (Niewada et al., 2005; 

Petrea et al., 2009). Studies on the effect of race on stroke outcome report that nonwhite race is 

associated with a higher risk of poor outcome (Centers for Disease Control and Prevention 

(CDC), 2005; Roth et al., 2011). Lower education attainment, socioeconomic status, and fewer 

social supports have also been correlated with poor outcomes (Grube et al., 2012; Putman et al., 

2007; Van den Bos et al., 2002). 

Patients start to show recovery as early as 12 hours after ischemic stroke onset and up 

until 18 months; however, the greatest recovery occurs in the first 3-6 months post-stroke 

(Hankey et al., 2007; Jørgensen et al., 1999). Recovery from specific neurologic deficits is 

difficult to predict and the time course varies depending on the specific deficit; however, 

generally, mild deficits improve more rapidly and more completely than severe deficits (Cramer, 

2008). Arm and hand function after stroke is particularly important for good functional recovery. 
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Flexor synergy emerges post-stroke and limits the ability to isolate joint movements, as such, 

movements such as extending the fingers to release grasp can be impaired. Studies have found 

that early active finger extension, grasp release, shoulder shrug, shoulder abduction, and active 

range of motion are associated with a favorable prognosis (Fritz et al., 2005; Katrak et al., 1998; 

Smania et al., 2007).  

The estimated mortality rate 30 days after first ischemic stroke ranges from 16-23% 

(Feigin et al., 2003), and compared to the general population, mortality risk remains elevated up 

to 15 years post-stroke (Ekker et al., 2019). In a 10-year follow-up study, even individuals with 

minor ischemic strokes were found to have a cumulative mortality rate of 32%, almost twice that 

of the general population (Prencipe et al., 1998). From a community-based study of ischemic 

stroke survivors, common neurological deficits at six months after stroke include hemiparesis 

(50%), cognitive deficits (46%), hemianopia (20%), aphasia (19%), and sensory deficits (15%). 

Disability measures included depression symptoms (35%), requiring gait aids (31%), social 

disability (30%), institutionalization (26%), and bladder incontinence (22%) (Kelly-Hayes et al., 

2003).  

 

1.2 Use of robotics in assessment and rehabilitation of stroke patients 

Stroke can impact function across a number of domains including speech, vision, 

strength, coordination, and balance. Rehabilitation post-stroke involves intervention from a 

multidisciplinary team in inpatient settings, outpatient clinics, and patients’ homes, and it 

generally consists of physical exercise, cognitive retraining, and learning compensatory 

strategies to perform activities of daily living. Current practice guidelines recommend that stroke 
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rehabilitation begin as soon as possible, including early mobilization even in the intensive care 

unit (Bettger et al., 2013). The intensity and setting of post-acute rehabilitative care depend on 

the patient’s functional independence, ability to tolerate intensive rehabilitation, and willingness 

to participate. Generally, rehabilitation should continue until patients reach a plateau, and this 

endpoint may vary across individuals depending on initial stroke severity, ability to continue 

rehabilitation, and patients’ wishes (Hebert et al., 2016; Winstein et al., 2016).  

Stroke rehabilitation is a rapidly advancing field, facilitated in part by new technologies 

such robotic tools which could be used in both assessment and therapy. The use of such 

technologies has allowed researchers and clinicians to better understand and implement the 

interventions that result in better outcomes. For example, a systematic review of randomized 

trials evaluated interventions for improving upper limb function post-stroke and found evidence 

to suggest that constraint-induced movement therapy, mental practice, mirror therapy, and 

repetitive task practice are all effective (Pollock et al., 2014). Robotic therapies may play a 

crucial role in improving functional outcome post-stroke as they can facilitate participation in 

repetitive exercises such as constraint-induced movement therapy with frequencies or intensities 

that may not necessarily be achievable with human providers.  

Proper upper and lower limb function are important for independent ambulation, balance, 

and coordination, as well as for performing activities of daily living such as grooming, dressing, 

feeding, and toileting. Related to specific limb function, studies show that electromechanical 

assistance for gait therapy may be beneficial for recovery of independent ambulation (odds ratio 

= 2.01; CI = 1.51-2.69; Mehrholz et al., 2020).  While it is clear that electromechanical 

assistance is beneficial for lower limb functional improvement, randomized controlled trials have 

reported mixed results on the efficacy of robotic aided training in recovery of upper limb 
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function. For example, one study reports that patients who underwent training with the 

Massachusetts Institute of Technology Manus shoulder-elbow planar robot in a multidisciplinary 

rehabilitation program had significantly more motor recovery compared to those who did not 

receive robotic training (Volpe et al., 2000). Robotic training was also associated with greater 

contralateral (intact) sensorimotor cortex activation when compared to non-trained regions 

(Takahashi et al., 2008), suggesting the possibility of practice induced neuroplasticity. However, 

another multisite randomized controlled trial demonstrated that intensive training with the MIT-

Manus robots was similarly as effective as intensive non-robotic assisted rehabilitation programs 

at 3 months post-stroke (Lo et al., 2010). Though patients who received robotic assisted training 

did not show significantly greater functional improvement, the study reported that these patients 

received only a quarter of therapists’ time compared to the intensive comparison group. As such, 

robotic assisted upper limb training may improve the cost-effectiveness of poststroke upper limb 

rehabilitation. A recently published multicenter randomized controlled trial similarly compared 

robot-assisted training versus usual care (Rodgers et al., 2019). In the robot assisted training for 

the upper limb after stroke (RATULS) trial, investigators randomized patients to robot-assisted 

training, enhanced upper limb therapy using repetitive functional tasks, and usual care following 

stroke. Authors report that robot-assisted training and enhanced upper limb therapy did not 

improve outcomes. Moreover, more patients in the robot-assisted training and enhanced therapy 

had adverse events compared to the usual care, although none of the events were attributable to 

the intervention.  

Beyond their role in rehabilitation, robotic technologies may also play an important role 

in the evaluation of post-stroke deficits and possible prognostication. Current clinical practice 

employs a number of provider-administered clinical scales including the Chedoke McMaster 
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Stroke Assessment, Fugl-Meyer Assessment, and Modified Ashworth Scale to quantify 

functional deficits. Though these scales are widely accepted, they are limited by interrater and 

intrarater reliability and do not provide quantitative assessments of motor performance. 

Moreover, the ordinal nature of the scales does not allow for finer resolution deficit assessment, 

and these scales are also subject to floor and ceiling effects. Robotic based assessments are 

repeatable, have high spatial and temporal resolution, and can measure the effects of practice or 

treatment interventions. Indeed, studies have found that kinematic and kinetic metrics derived 

from movement data collected from robotic assessments correlate with clinical scales (Bosecker 

et al., 2010).  

Robotic devices are able to provide more in-depth information about motor movements. 

For example, they can record hand trajectories and limb and joint movements with high temporal 

and spatial resolution. Systems can also be designed to support the weight of the upper limbs, 

such that assessments in patients with more severe motor deficits can be conducted. Robotic 

devices can be combined with visual display systems such as projections and screens that allow 

for careful control of task presentation. Indeed, manipulations of the visual display such as 

masking visual information about limb position could be useful for assessing proprioception 

(Dukelow et al., 2010, Scheidt et al., 2009). Visual projections of targets could be particularly 

useful for assessing visually guided reaching movements (Coderre et al. 2010). External forces 

can also be applied to joints by robotic devices to mimic clinical assessments. For example, the 

Modified Ashworth Scale involves human providers flexing and extending a patient’s elbow 

while manually assessing for increased muscle tone at the triceps and biceps to assess for 

spasticity (Gregson et al. 1999). Robotic technologies can be programmed to recapitulate these 

movements to assess spasticity (Centen et al., 2017; Mochizuki et al. 2019). Indeed, robotic 
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assessments would apply the same load from trial to trial and as a result, provide more consistent 

data for tracking processes of recovery. Beyond assessments of motor control and 

proprioception, robotic technologies could also be applied to assessing cognitive deficits. For 

example, motor tasks can be programmed to probe processes such as working memory and 

reaction time. Tasks designed to test cognitive function can be used to better understand deficits 

in cognition as well as motor outputs of cognitive processes (Scott & Dukelow, 2011). However, 

despite their utility and potential, to date, robotic technologies are not as well established in 

clinical practice as assessment scales.  

Perhaps contributing to the lack of widespread uptake is the fact that there are numerous 

different types of robotic technologies available on the market ranging from robotic exoskeletons 

to wearable sensors, all of which track the performance of different motor skills. Moreover, in 

the era of “big data”, kinematic metrics derived from movements provide data at an incredible 

temporal resolution; however, it is unclear whether certain movement patterns are superior to 

other patterns. More informative perhaps would be repeated assessments and characterization of 

movement patterns within individuals to track and understand processes of recovery. Studies 

have also shown that improvements in performance on motor tasks as assessed by robotic 

technologies do not necessarily translate to better functioning in activities of daily living. Indeed, 

improvements in motor performance must be paired with one-on-one therapist intervention to 

result in better functioning and independence in day-to-day life (Chua & Kuah, 2017). 

Alternatively, motor tasks programmed on robotic devices must adapt to better represent 

movements that would be made during daily activities. Lastly, perhaps most prohibitive, is the 

large upfront cost of such robotic technologies, both associated with the devices themselves and 

the technicians and staff required to use them. To rectify some factors that may be contributing 



 

33 

to the lack of widespread uptake of robotic technologies, studies must be conducted on 

elucidating the kinematic metrics that best correlate to functional outcome, movement testing 

and training that best predict prognosis, and careful characterization of functional improvement 

through repeated testing over time.  

 

1.3 Animal models of stroke 

 Studies using animal models of stroke have been pivotal for understanding the underlying 

pathophysiology of disease and damage. For example, ischemia induced glutamate-mediated 

excitotoxicity was first described in a rodent model of stroke (Olney, 1971). Such understanding 

has allowed for the development of several therapeutic targets aimed at reducing focal brain 

damage during stroke. Indeed, the only pharmacologic therapy approved for use in humans (tPA; 

see section 1.1.5) was first developed in a rabbit model (Zivin et al., 1985). These animal models 

have also been crucial for testing such pharmacologic and therapeutic interventions for safety 

and efficacy prior to trials in humans.  

Though numerous compounds and therapies have been developed and proven efficacious 

in experimental models of stroke, demonstrated efficacy in human studies is currently limited. 

The overwhelmingly negative or neutral clinical evidence for pharmacologic compounds that 

showed promise in animal models led the Stroke Therapy and Academic Industry Roundtable 

(STAIR) to publish guidelines on preclinical evaluation of potential neuroprotective drugs 

(Fisher et al., 2007, 2009). Included were recommendations for proper experimental procedure 

including blinding and randomization, assessing for both behavioral and histological measures of 

outcome, and gathering information on appropriate routes of drug administration and monitoring 
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dose-response curves. Even so, since the 1999 publication, subsequent preclinical studies do not 

all closely adhere to the STAIR recommendations. In addition to potential flaws in experimental 

design, the failure to translate stroke therapies from animal models to humans may be due to 

anatomical and physiological differences between humans and animal models of stroke, though 

the use of nonhuman primates in stroke research aims to mitigate the large translational gap 

between rodents and humans. Furthermore, successful translation may require more careful 

selection of clinical populations, timing and route of administration, and more refined outcome 

measures in human trials as well. Indeed, stroke recovery in human patients is a much more 

heterogenous and individualized process subject to a number of external factors (including 

socioeconomic status, social supports, and many others) than recovery in animal models.  

 Several experimental considerations must be considered when designing and conducting 

a preclinical animal study on therapeutic compounds in stroke. For example, species selection 

may need to differ depending on the specific therapy being studied or the stage of therapy 

development. Preliminary studies on safety may need to begin in rodent models to better 

understand potential adverse effects or characterize dose response curves. More 

“unconventional” modes of therapies may require additional considerations depending on their 

nature; for example, testing the effect of therapeutic hypothermia in an animal model of stroke 

must consider nasal anatomy, nasal and cerebral vasculature, and the ability to cool an animal’s 

brain to target temperatures (discussed further in Chapter 2).  

1.3.1 Small animal stroke models 

Most stroke experiments are conducted in small animals such as mice, rats, gerbils, and 

rabbits. The main advantages of using small animals compared to larger animals include lower 

cost and greater acceptability (Casals et al., 2011; Herson & Traystman, 2014; Kumar & Gupta, 
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2016; Traystman, 2003). Of the small animal models, rats are the most commonly used species 

due to the similarity of their cerebral vasculature and physiology to humans, their moderate body 

size allowing for accessible monitoring, small brain size amenable to histological studies, and the 

relative homogeneity in strains (Ström et al., 2013; Yamori et al., 1976). Transgenic mice are the 

most commonly employed species in experiments requiring genetic modifications and in 

experiments aimed at understanding molecular pathophysiology (Göb et al., 2015; Kraft et al., 

2013).  

Experimental stroke induction methods in rodent models are numerous and variable in 

their pathogenesis of ischemic damage. The intraluminal suture middle cerebral artery occlusion 

model involves introducing a suture into the internal carotid artery and advancing it until it 

interrupts the blood supply of the MCA. This method enables a permanent MCA occlusion or 

transient ischemia with reperfusion. Factors affecting infarct size produced by the intraluminal 

suture include suture size, rat and mouse strains, and suture coats. Particularly advantageous is 

the fact that the intraluminal suture mimics human ischemic strokes and produces an ischemic 

core with a surrounding penumbra, and this method of stroke induction could be useful for 

studying mechanisms of reperfusion injury as well as testing neuroprotective compounds. 

A more invasive method of stroke induction is the craniectomy model which involves 

direct surgical MCA occlusion after a craniectomy and resection of the dura. The MCA can be 

occluded by cautery or photochemical coagulation resulting in a permanent occlusion or by an 

aneurysm clip, hooks, or ligatures to produce a transient occlusion. Compared to the suture 

method, the craniectomy method produces smaller infarcts. The main advantage of the 

craniectomy model is the reproducibility of the infarcts and resulting neurological deficits. 

Invasive procedures also allow visual confirmation of adequate MCA occlusion, which is not 
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possible in the suture method without imaging using laser doppler flowmetry. Conversely, since 

the procedure is invasive, there are associated risk of injury to brain tissue or the skull during 

drilling or dura resection. Additionally, the craniectomy method affects intracranial pressure 

since there is disruption of the skull.  

To avoid the need for invasive surgery and skull disruption, the photothrombotic stroke 

model can be employed. This method involves the intravascular or intraperitoneal injection of a 

photoactive dye followed by irradiation of the intact skull with a focused light beam at a specific 

wavelength. The light beam results in the generation of reactive oxygen species that cause 

endothelial damage, platelet aggregation, and subsequent ischemic cell death. Irradiated areas 

can be targeted using stereotactic methods, and as a result, strokes produced using this method 

are highly reproducible. Advances in implantable fiberoptic cables allow for targeting of deep 

brain structures such as the internal capsule. Of particular interest for researchers is the use of 

such a model in understanding contralateral neuroplasticity, as such studies would be much more 

difficult with more variable stroke induction methods. The main drawback of the 

photothrombotic method is that the pathophysiology of cell damage is inherently different from 

that of a human ischemic stroke; given that damage occurs as a result of endothelial injury, this 

model has very little to no ischemic penumbra.  

Another method of focal stroke induction is the application of endothelin-1 (ET-1) 

directly onto the MCA or via intracerebral stereotactic injection. ET-1 is a potent 

vasoconstrictive compound and causes a dose-dependent ischemic lesion with surrounding 

ischemic edema. After ET-1 administration, there is a local reduction in cerebral blood flow, 

followed by gradual reperfusion. Given the nature of ET-1 application, this method of stroke 

induction produces a semicircular infarct. The main disadvantage of this method of stroke 
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induction is that ET-1 receptors are only expressed on neurons and astrocytes, and as such, these 

are the only cell types that are affected by ET-1. Studies have also shown that ET-1 may induce 

astrocytosis and axonal sprouting (Carmichael, 2005; Uesugi et al., 1998), which may complicate 

interpretations in studies of neuronal repair.  

Lastly, strokes can also be induced in small animals using embolic stroke models. These 

methods involve the introduction of micro/macrospheres or autologous or thrombin-induced 

clots. Stroke induction involves injecting microspheres into the MCA or ICA via the external 

carotid, these microspheres are then taken up by cerebral vasculature. This method of stroke 

induction causes multi-focal strokes of various sizes. Lesions usually evolve slowly over 24 

hours post-injection, and the severity of the lesion can be modulated by the dosage of spheres 

injected. Thrombin-induced clots injected into the cerebral vasculature most closely mimics the 

pathogenesis of ischemic stroke. The use of clots allows for investigations on the efficacy of 

thrombolytic agents or the effect of combining thrombolytic therapies with neuroprotective ones. 

Given that infarcts are multifocal and complicated by endogenous lytic processes, the infarcts 

produced in embolic stroke models are highly variable in both stroke size and location. 

Additionally, strokes produced using embolic methods of induction result in high hemorrhagic 

transformation and are associated with high rates of mortality.  

The most commonly reported outcome measures in preclinical stroke studies are final 

infarct size and extent of neurological deficit (Macrae, 2011). The distinct benefit of using 

animal models is the ability to use both neuroimaging and histologically stained brain sections 

(e.g., using hematoxylin and eosin, cresyl violet, or tetrazolium salts) for non-invasive and 

confirmatory invasive infarct measurements, respectively. Infarct size has been expressed in the 

literature both as an absolute volume (in mm3) or as a relative percentage of the contralateral 
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hemisphere or whole brain volume. Though both methods are quantitative, for comparisons 

across studies, relative comparisons may be more informative. In chronic stroke studies where 

animals are not sacrificed until several days post-stroke, infarct size can also be expressed as a 

measurement of tissue loss calculated by the difference between the ipsilesional and 

contralesional hemispheres. Stroke development can be monitored using perfusion and diffusion 

weighted magnetic resonance imaging, where infarcted tissue appears hyperintense. Such 

techniques are particularly useful for characterization of the effects of interventions on the 

evolution of infarct. Moreover, MRI allows for the precise characterization and quantification of 

the ischemic penumbra – expressed as the amount of tissue displaying hyperintensity on 

diffusion-weighted imaging but appearing normal on perfusion-weighted imaging.  

Functional outcomes are assessed through behavioral tests and have clinically relevant 

implications for functional independence after stroke. Behavioral tests employed in small animal 

models of stroke include the Morris water maze, neurological scoring systems, and assessments 

of sensorimotor asymmetry and coordination using tests such as the cylinder test or horizontal 

ladder walk task (Bederson et al., 1986; Hunter et al., 2000; Modo et al., 2000). Though crucial 

to characterize in preclinical experiments on drugs or interventions, there is no current consensus 

on the battery of tests that should be conducted to determine outcome. Even beyond the specific 

tests used, there is no consensus on when or how often testing should occur.  

1.3.2 Large animal stroke models 

Following positive results in rodent stroke models, STAIR recommends the use of large 

animal models of stroke such as nonhuman primates, sheep, pigs, and dogs prior to human trials. 

These models are hypothesized to be more predictive of human responses and outcomes due to 

greater anatomical and physiological similarities as compared to rodents. As such, the inclusion 
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of “intermediate” species may enhance translational success (Kaiser & West, 2020). Sheep are 

one of the commonly used large animal models of stroke as they have gyrencephalic brains with 

dense white matter tracts (Bataille et al., 2007). Sheep also possess strong fibrous dura mater that 

surrounds the brain and can mimic increased intracranial pressure in humans. Indeed, rodents 

have a relatively weak vestigial connective tissue membrane that allows for the distribution of 

intracranial pressure into other compartments. Sheep also possess similar cerebrovasculature to 

humans; the internal carotid artery bifurcates into the anterior cerebral artery and middle cerebral 

artery (Ashwini et al., 2008). Unlike humans, sheep possess a reticulated arterial anastaomosis 

between the maxillary and internal carotids called the rete mirabile (discussed further in Chapter 

2; Daniel, 1953; Hoffmann et al., 2014). This system of capillaries makes endovascular models 

of stroke induction impossible due to the small lumen of the arterial vessels. Instead, stroke 

induction requires transcranial surgical approaches, which is associated with numerous 

complications including CSF loss, hematoma formation, and hemorrhagic transformation. MCA 

strokes in sheep produce behavioral deficits similar to those in humans including 

unconsciousness, ataxia, weakness, circling, and impaired coordination, all of which can be 

scored by observation on sheep-specific neurobehavioral score systems (Battey et al., 2014).  

Pigs also have gyrencephalic brains with large intracranial vessel diameters and a high 

white-to-grey matter ratio (Gralla et al., 2006; Kobayashi et al., 2012). Pigs and humans also 

have comparable brain volumes and as a result, porcine models are particularly useful for 

assessing and determining therapeutic doses (Allen et al., 2002; Conrad et al., 2012). Similar to 

sheep, pigs also have a rete mirabile which necessitates transcranial approaches for stroke 

induction (Imai et al., 2006). MCAO produces hemispheric swelling and reduction in white 

matter integrity similar to that seen in humans as revealed through MRI (Baker et al., 2017; 
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Webb et al., 2018). Therefore, studies in pigs may be useful for understanding the 

pathophysiology of white matter changes and for testing therapies aimed at white matter repair 

and regeneration. To avoid the need for a craniectomy, a model of permanent MCAO has been 

described using electrocauterization via a transorbital approach. The downsides of such an 

approach are that subsequent neuroimaging revealed variable infarct volumes (Sakoh et al., 

2000; Watanabe et al., 2001, 2007) and a transorbital approach also compromises binocular 

vision which makes assessments requiring visual processing, gait, and neurobehavior difficult to 

interpret (Sakoh et al., 2000). Pig plasminogen displays high resistance to tPA activation, and as 

such, studies investigating combination therapies with tPA are not feasible (Flight et al., 2006; 

Yakovlev et al., 1995).  

Similar to pigs and sheep, dogs also have a gyrencephalic brain; however, they do not 

have a rete mirabile. As a result, an endovascular approach to stroke induction is possible with 

dog models (Gralla et al., 2006; Howells et al., 2010), allowing for the preservation of CSF 

volume, dura, and post-stroke increased ICP. Moreover, studies have reported correlations 

between CSF levels of interleukin-6 (IL-6) and severity of stroke, a relationship reported in 

human studies as well (Tarkowski et al., 1995, 1997). Given this similarity between humans and 

canines following ischemic brain injury, studies into IL-6 as a potential biomarker could be 

useful. Similar to sheep, a concern about the use of dog models is low extent of white matter, and 

as such, these species may be poor choices for studies on white matter pathophysiology and 

responses to ischemic injury (Ahmad et al., 2015). Canines also have particularly tortuous 

internal carotid arteries, and a great deal of surgical skill is required for MCAO procedures 

(Nanda & Getty, 1975; Rink et al., 2008). Indeed, MCAOs in canine models are associated with 

high mortality rates (Rink et al., 2011). There is also additional considerable individual variation 
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in cerebrovasculature. For example, some dogs have extensive leptomeningeal anastomoses 

extending from the posterior, middle, and anterior cerebral arteries. As a result, there could be 

considerable variation in the degree of collateral blood flow resulting in variable infarcts both in 

location and size (Rink et al., 2008, 2011).  

The use of gyrencephalic nonhuman primates is another viable large animal model in 

which to test stroke therapies. NHPs have comparable cerebral vasculature, cortical organization 

with deep white matter tracts, and white matter and grey matter composition to humans (Cook & 

Tymianski, 2011). NHP models of stroke include both permanent and transient MCAO. 

Permanent occlusion models are associated with ischemia, cytotoxic edema, and significant 

mortality. The main drawback though is that permanent MCAO models do not allow for 

characterization of thrombolytic agents or assessment of reperfusion injury. Transient models of 

stroke induction are similar to those employed in small animal models and include the use of a 

suture or aneurysm clip following a transorbital or transcranial approach (Cook & Tymianski, 

2011; Del Zoppo et al., 1986; Huang et al., 2000; Mack et al., 2003). Behavioral deficits 

following stroke in NHPs are also very similar to those seen in human patients and include 

hemiparesis, weakness, ataxia, and visual deficits (Cirstea & Levin, 2000; Nakayama et al., 

1994; Nudo et al., 2001). Recovery in chronic stroke models in NHPs has also been described, 

and improvements in motor function have been shown to correlate with white matter fractional 

anisotropy values (Biesbroek et al., 2017; Pierpaoli et al., 2001). Minimally invasive methods of 

stroke induction including endovascular occlusion using autologous blood clot, coil, or surgical 

suture have also been used to induce focal strokes in NHPs. These methods, as discussed above, 

are associated with significantly less surgical damage, and do not necessitate enucleation of the 

eye. Clinical signs associated with minimally invasive methods of stroke induction are similar to 
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those in MCAO in humans. Behavioral assessments employed in NHPs include the nonhuman 

primate stroke scale (NHPSS), a quantitative scale akin to the NIHSS. Given the hand dexterity 

of NHPs, these models may be more useful in studying effects of therapies on fine motor control. 

The main disadvantage to the use of NHPs in stroke research is the potential need for enucleation 

of the eye which renders subsequent neurobehavioral assessments difficult to interpret. 

Moreover, stroke induction in NHPs requires significant surgical skill and access to surgical 

technologies and instruments. Lastly, NHP use in research is associated with high costs for food, 

housing facilities, and veterinary care. The use of NHPs also faces ethical challenges and may 

not be as readily accepted by the general public as studies conducted in smaller animal models or 

other large animal models (discussed further in Chapter 3).  

Large animal models of stroke are particularly useful as an intermediary step for testing 

therapeutic interventions before clinical studies in humans. Given their translational role, stroke 

induction methods in large animals are usually with injections of autologous clots or invasive 

(transorbital or transcranial) surgery for mechanical occlusion. These stroke induction methods 

most closely mimic the pathophysiology of ischemic stroke in humans and produce an ischemic 

core surrounded by a salvageable penumbra. Unique to large animal models of stroke, however, 

are important considerations about acceptability, ethics, and perhaps most prohibitively, cost. 

The associated higher cost of large animal models means that generally, studies using these 

species have smaller sample sizes than those using smaller animal models. As such, it is 

imperative to consider whether the method of stroke induction is one that results in a very 

heterogenous infarct among study subjects, such as with the introduction of autologous clots, and 

weigh this as a tradeoff with the number of animals required for a clear signal of whether or not 

an intervention is effective.  
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1.4 Translational stroke research 

The great diversity of available animal models and stroke induction methods allow 

researchers and clinicians to design preclinical studies specifically tailored to their research 

goals. The National Institute of Neurological Disorders and Stroke suggests that the design of 

preclinical studies must differ depending on whether they are exploratory or confirmatory 

studies. The former focuses on pathophysiology of disease and may be better suited for small 

animal models, while confirmatory studies should adopt the same approach as randomized 

clinical trials, including heterogenous populations, large sample sizes, and a priori end points that 

represent clinically relevant outcomes. Despite published guidelines, to date, there has only been 

one successful stroke therapy proven to be efficacious in humans that was developed in animal 

models.  

The most obvious cause of failure to translate therapies from preclinical to clinical 

settings is the differences in underlying pathophysiology of stroke in humans versus animal 

models. As discussed above, different models of stroke may be better suited for studying specific 

aspects of damage as a result of ischemic stroke. In addition to ensuring thoughtful consideration 

of species and stroke induction selection for preclinical studies, researchers also must maintain a 

study’s internal validity. To minimize selection bias, researchers should randomize subjects to 

experimental and control groups and conceal such allocation. Assessments of outcomes should 

also be done blind to the experimental condition of the subjects to mitigate misclassification of 

outcome. Sample sizes in preclinical studies are also relatively small compared to human clinical 

trials (Howells et al., 2009). In part, due to the ability to control for experimental conditions and 

procedures more stringently, fewer subjects are required to attain an accurate picture of clinical 
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effects. However, given small sample sizes, meta-analyses and systematic analyses become 

increasingly important, underscoring the need for consistent experimental procedures with good 

internal validity.  

Low external validity may be another barrier to successful translation of stroke 

therapeutics. Specifically, most stroke studies are conducted in healthy, young, male animals in 

well-maintained environments with highly controlled diets. The justification for such stringent 

control is the ability to detect more subtle effects of therapeutics with fewer animals. However, 

from a perspective of the utility of information garnered from a homogenous population, perhaps 

these populations are not the most representative of the populations that suffer strokes. Indeed, 

most stroke patients are older, of both sexes, have a slew of medical comorbidities, and are 

taking a number of medications to control these conditions. In support of the idea that young 

animal populations may not be the best populations on which to study stroke therapeutics, 

studies on animals with comorbidities, older, female sex, varied diet, and housing conditions 

have shown that these factors contribute to treatment efficacy and can affect processes of 

recovery (Fouda et al., 2013; Liang et al., 2016; Sandu et al., 2016).  

Preclinical outcome measures should accurately represent human clinical features 

including infarct volume and behavioral/functional outcomes. Complicating the process of 

translational research, however, is the fact that the relationship between infarct volume and 

functional outcome has not been well-validated, in part, due to the variability in methods for 

determining functional outcomes and infarct sizes. Unification of measurement methods are 

crucial for overcoming this problem. Functionally relevant measures that can be implemented 

across several species include cerebral blood flow, lesion location, and final infarct volume. 

Behavioral outcomes that are measured should assess for distal extremity use and fine motor 
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control with relevance to human function such as in reaching and grasping tasks. Tools for such 

assessments include the modified Rankin Scale and the Fugl-Meyer scale. Additionally, with the 

emergence of new robotic technologies, more temporally and spatially precise characterizations 

of motor movements may be able to be studied; however, the validation of such outcome 

measures need to be done in clinical trials. StrokeNet, an NIH established network, aims to help 

address challenges of multisite randomized clinical trials. Such a network may be of particular 

use to preclinical research as well by providing patient information to translational researchers, 

including information on relevant biomarkers.  

Publication bias may represent a key challenge in translational research since publication 

of incomplete or negative findings may be crucial at both exploratory and confirmatory stages. 

Though some journals are becoming more welcoming to studies reporting negative or null data, 

negative findings are still much less likely to be published. A systematic review of published 

preclinical studies found that adherence to STAIR recommendations on blinding, randomization, 

and power calculations was also generally poor (O’Collins et al., 2011; Sena et al., 2014). As 

such, a multi-site network of laboratories conducting preclinical confirmatory studies with a 

centralized randomization system may be able to minimize bias and ensure quality. Such a 

network may even be able to lower the overall cost of preclinical testing; however, issues of 

incentives for investigators, training for personnel, and intellectual property must be determined 

prior to consideration of such an approach.  

Alternatively, another possible approach to improve translational success could be to 

design clinical trials that are more similar to their preclinical counterparts. For example, 

stratification of patient selection to include more homogenous stroke populations in terms of 

lesion location, mechanism, size, and timing of injury, and excluding patients who are not likely 
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to respond to specific treatments may be useful in identifying more targeted patient populations 

for which certain therapies may prove beneficial. The MR CLEAN (Multicenter Randomized 

Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands) trial 

used neuroimaging to identify patients with salvageable penumbral tissue for selection of a 

narrower patient population showed small treatment effects that may have been diminished in a 

more heterogenous patient population (Mulder et al., 2015).  

 

1.5 The role of combining robotics and large animal models in stroke research 

During the development of potential stroke therapies, preclinical studies using animal 

models are crucial for evaluating safety and efficacy prior to human clinical trials. In designing 

preclinical studies, there are several experimental considerations that must be taken into account 

including species selection and method of stroke induction. These considerations depend 

critically both on the nature of therapy development (exploratory versus confirmatory) and on 

the specific pathophysiological mechanism of damage that is being targeted. STAIR 

recommends that after a therapeutic compound shows promise in a small animal model of stroke, 

a large animal model should be used prior to human clinical trials.  

Despite published recommendations, preclinical stroke research is still a murky landscape 

without unifying methodologies on the assessment of behavioral or histological measures of 

outcome. The emergence of robotic based forms of assessment and therapy could prove a useful 

tool for solving the problem of differing methodologies during behavioral assessment. Indeed, 

robotic technologies can be programmed to run certain tasks, and the motor movements of upper 

and lower limbs and the trunk recorded with high frequency spatial and temporal resolution. 

Moreover, robotic assessments can also be performed on human subjects with ease, and 
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functional outcomes as assessed by the same robotic technology compared between preclinical 

animal models of stroke and human stroke patients. As such, the chapters of this thesis outline 

the feasibility and considerations of using a nonhuman primate model of chronic stroke and the 

characterization of motor deficits following ischemic stroke using robotic technologies.  

  



 

48 

1.6 References 

Abboud, H., Berroir, S., Labreuche, J., Orjuela, K., & Amarenco, P. (2006). Insular involvement in brain 
infarction increases risk for cardiac arrhythmia and death. Annals of Neurology: Official Journal 
of the American Neurological Association and the Child Neurology Society, 59(4), 691–699. 

Adams, H. P., Davis, P., Leira, E., Chang, K.-C., Bendixen, B., Clarke, W., Woolson, R., & Hansen, M. 
D. (1999). Baseline NIH Stroke Scale score strongly predicts outcome after stroke: A report of 
the Trial of Org 10172 in Acute Stroke Treatment (TOAST). Neurology, 53(1), 126–126. 

Ahmad, A. S., Satriotomo, I., Fazal, J., Nadeau, S. E., & Doré, S. (2015). Considerations for the 
optimization of induced white matter injury preclinical models. Frontiers in Neurology, 6, 172. 

Aiyagari, V., & Gorelick, P. B. (2009). Management of blood pressure for acute and recurrent stroke. 
Stroke, 40(6), 2251–2256. 

Allen, J. S., Damasio, H., & Grabowski, T. J. (2002). Normal neuroanatomical variation in the human 
brain: An MRI‐volumetric study. American Journal of Physical Anthropology: The Official 
Publication of the American Association of Physical Anthropologists, 118(4), 341–358. 

Allport, L., Baird, T., Butcher, K., MacGregor, L., Prosser, J., Colman, P., & Davis, S. (2006). Frequency 
and temporal profile of poststroke hyperglycemia using continuous glucose monitoring. Diabetes 
Care, 29(8), 1839–1844. 

Andersen, K. K., Andersen, Z. J., & Olsen, T. S. (2011). Predictors of early and late case-fatality in a 
nationwide Danish study of 26 818 patients with first-ever ischemic stroke. Stroke, 42(10), 2806–
2812. 

Aries, M. J., Elting, J. W., De Keyser, J., Kremer, B. P., & Vroomen, P. C. (2010). Cerebral 
autoregulation in stroke: A review of transcranial Doppler studies. Stroke, 41(11), 2697–2704. 

Arvanitakis, Z., Schneider, J., Wilson, R., Li, Y., Arnold, S., Wang, Z., & Bennett, D. (2006). Diabetes is 
related to cerebral infarction but not to AD pathology in older persons. Neurology, 67(11), 1960–
1965. 

Ashwini, C. A., Shubha, R., & Jayanthi, K. S. (2008). Comparative anatomy of the circle of Willis in 
man, cow, sheep, goat, and pig. Neuroanatomy, 7, 54–65. 

Atkins, E. R., Brodie, F. G., Rafelt, S. E., Panerai, R. B., & Robinson, T. G. (2010). Dynamic cerebral 
autoregulation is compromised acutely following mild ischaemic stroke but not transient 
ischaemic attack. Cerebrovascular Diseases, 29(3), 228–235. 

Ay, H. (2010). Advances in the diagnosis of etiologic subtypes of ischemic stroke. Current Neurology 
and Neuroscience Reports, 10(1), 14–20. 

Ay, H., Arsava, E. M., Koroshetz, W. J., & Sorensen, A. G. (2008). Middle cerebral artery infarcts 
encompassing the insula are more prone to growth. Stroke, 39(2), 373–378. 

Back, T., Hemmen, T., & Schüler, O. G. (2004). Lesion evolution in cerebral ischemia. Journal of 
Neurology, 251(4), 388–397. 

Baker, E. W., Platt, S. R., Lau, V. W., Grace, H. E., Holmes, S. P., Wang, L., Duberstein, K. J., Howerth, 
E. W., Kinder, H. A., & Stice, S. L. (2017). Induced pluripotent stem cell-derived neural stem cell 
therapy enhances recovery in an ischemic stroke pig model. Scientific Reports, 7(1), 1–15. 

Barlas, R. S., Honney, K., Loke, Y. K., McCall, S. J., Bettencourt‐Silva, J. H., Clark, A. B., Bowles, K. 
M., Metcalf, A. K., Mamas, M. A., & Potter, J. F. (2016). Impact of hemoglobin levels and 
anemia on mortality in acute stroke: Analysis of UK regional registry data, systematic review, 
and meta‐analysis. Journal of the American Heart Association, 5(8), e003019. 



 

49 

Bataille, B., Wager, M., Lapierre, F., Goujon, J. M., Buffenoir, K., & Rigoard, P. (2007). The significance 
of the rete mirabile in Vesalius’s work: An example of the dangers of inductive inference in 
medicine. Neurosurgery, 60(4), 761–768. 

Battey, T. W., Karki, M., Singhal, A. B., Wu, O., Sadaghiani, S., Campbell, B. C., Davis, S. M., Donnan, 
G. A., Sheth, K. N., & Kimberly, W. T. (2014). Brain edema predicts outcome after nonlacunar 
ischemic stroke. Stroke, 45(12), 3643–3648. 

BayIr, H., & Kagan, V. E. (2008). Bench-to-bedside review: Mitochondrial injury, oxidative stress and 
apoptosis–there is nothing more practical than a good theory. Critical Care, 12(1), 1–11. 

Bederson, J. B., Pitts, L. H., Tsuji, M., Nishimura, M., Davis, R., & Bartkowski, H. (1986). Rat middle 
cerebral artery occlusion: Evaluation of the model and development of a neurologic examination. 
Stroke, 17(3), 472–476. 

Béjot, Y., Aboa-Eboulé, C., Hervieu, M., Jacquin, A., Osseby, G.-V., Rouaud, O., & Giroud, M. (2012). 
The deleterious effect of admission hyperglycemia on survival and functional outcome in patients 
with intracerebral hemorrhage. Stroke, 43(1), 243–245. 

Béjot, Y., Troisgros, O., Gremeaux, V., Lucas, B., Jacquin, A., Khoumri, C., Aboa-Eboulé, C., Benaïm, 
C., Casillas, J.-M., & Giroud, M. (2012). Poststroke disposition and associated factors in a 
population-based study: The Dijon Stroke Registry. Stroke, 43(8), 2071–2077. 

Benjamin, E. J., Muntner, P., Alonso, A., Bittencourt, M. S., Callaway, C. W., Carson, A. P., 
Chamberlain, A. M., Chang, A. R., Cheng, S., & Das, S. R. (2019). Heart disease and stroke 
statistics—2019 update: A report from the American Heart Association. Circulation, 139(10), 
e56–e528. 

Bettger, J. A. P., Kaltenbach, L., Reeves, M. J., Smith, E. E., Fonarow, G. C., Schwamm, L. H., & 
Peterson, E. D. (2013). Assessing stroke patients for rehabilitation during the acute 
hospitalization: Findings from the Get With The Guidelines–Stroke program. Archives of 
Physical Medicine and Rehabilitation, 94(1), 38–45. 

Biesbroek, J. M., Weaver, N. A., & Biessels, G. J. (2017). Lesion location and cognitive impact of 
cerebral small vessel disease. Clinical Science, 131(8), 715–728. 

Bolaños, J. P., & Almeida, A. (1999). Roles of nitric oxide in brain hypoxia-ischemia. Biochimica et 
Biophysica Acta (BBA)-Bioenergetics, 1411(2–3), 415–436. 

Borsody, M., Gargano, J. W., Reeves, M., & Jacobs, B. (2009). Infarction involving the insula and risk of 
mortality after stroke. Cerebrovascular Diseases, 27(6), 564–571. 

Bosecker, C., Dipietro, L., Volpe, B., & Igo Krebs, H. (2010). Kinematic robot-based evaluation scales 
and clinical counterparts to measure upper limb motor performance in patients with chronic 
stroke. Neurorehabilitation and Neural Repair, 24(1), 62–69. 

Bruno, A., Biller, J., Adams, H., Clarke, W., Woolson, R., Williams, L., & Hansen, M. (1999). Acute 
blood glucose level and outcome from ischemic stroke. Neurology, 52(2), 280–280. 

Bruno, A., Levine, S., Frankel, M., Brott, T., Lin, Y., Tilley, B., Lyden, P., Broderick, J., Kwiatkowski, 
T., & Fineberg, S. (2002). Admission glucose level and clinical outcomes in the NINDS rt-PA 
Stroke Trial. Neurology, 59(5), 669–674. 

Burke, M. J., Vergouwen, M. D., Fang, J., Swartz, R. H., Kapral, M. K., Silver, F. L., & Casaubon, L. K. 
(2011). Short-term outcomes after symptomatic internal carotid artery occlusion. Stroke, 42(9), 
2419–2424. 

Burns, J. D., Green, D. M., Metivier, K., & DeFusco, C. (2012). Intensive care management of acute 
ischemic stroke. Emergency Medicine Clinics, 30(3), 713–744. 



 

50 

Capes, S. E., Hunt, D., Malmberg, K., Pathak, P., & Gerstein, H. C. (2001). Stress hyperglycemia and 
prognosis of stroke in nondiabetic and diabetic patients: A systematic overview. Stroke, 32(10), 
2426–2432. 

Carmichael, S. T. (2005). Rodent models of focal stroke: Size, mechanism, and purpose. NeuroRx, 2(3), 
396–409. 

Casals, J. B., Pieri, N. C., Feitosa, M. L., Ercolin, A., Roballo, K., Barreto, R. S., Bressan, F. F., Martins, 
D. S., Miglino, M. A., & Ambrósio, C. E. (2011). The use of animal models for stroke research: 
A review. Comparative Medicine, 61(4), 305–313. 

Castillo, J., Leira, R., García, M. M., Serena, J., Blanco, M., & Dávalos, A. (2004). Blood pressure 
decrease during the acute phase of ischemic stroke is associated with brain injury and poor stroke 
outcome. Stroke, 35(2), 520–526. 

Centen, A., Lowrey, C. R., Scott, S. H., Yeh, T. T., & Mochizuki, G. (2017). KAPS (kinematic 
assessment of passive stretch): a tool to assess elbow flexor and extensor spasticity after stroke 
using a robotic exoskeleton. Journal of neuroengineering and rehabilitation, 14(1), 1-13. 

Centers for Disease Control and Prevention (CDC. (2005). Differences in disability among black and 
white stroke survivors—United States, 2000-2001. MMWR. Morbidity and Mortality Weekly 
Report, 54(1), 3–6. 

Chalos, V., LeCouffe, N. E., Uyttenboogaart, M., Lingsma, H. F., Mulder, M. J., Venema, E., Treurniet, 
K. M., Eshghi, O., van der Worp, H. B., & van der Lugt, A. (2019). Endovascular treatment with 
or without prior intravenous alteplase for acute ischemic stroke. Journal of the American Heart 
Association, 8(11), e011592. 

Chua, K. S. G., & Kuah, C. W. K. (2017). Innovating with rehabilitation technology in the real world: 
Promises, potentials, and perspectives. American Journal of Physical Medicine & Rehabilitation, 
96(10 Suppl 1), S150. 

Cirstea, M., & Levin, M. F. (2000). Compensatory strategies for reaching in stroke. Brain, 123(5), 940–
953. 

Colivicchi, F., Bassi, A., Santini, M., & Caltagirone, C. (2005). Prognostic implications of right-sided 
insular damage, cardiac autonomic derangement, and arrhythmias after acute ischemic stroke. 
Stroke, 36(8), 1710–1715. 

Conrad, M. S., Dilger, R. N., & Johnson, R. W. (2012). Brain growth of the domestic pig (Sus scrofa) 
from 2 to 24 weeks of age: A longitudinal MRI study. Developmental Neuroscience, 34(4), 291–
298. 

Cook, D. J., & Tymianski, M. (2011). Translating promising preclinical neuroprotective therapies to 
human stroke trials. Expert Review of Cardiovascular Therapy, 9(4), 433–449. 

Corvol, J.-C., Bouzamondo, A., Sirol, M., Hulot, J.-S., Sanchez, P., & Lechat, P. (2003). Differential 
effects of lipid-lowering therapies on stroke prevention: A meta-analysis of randomized trials. 
Archives of Internal Medicine, 163(6), 669–676. 

Counsell, C., Dennis, M., McDowall, M., & Warlow, C. (2002). Predicting outcome after acute and 
subacute stroke: Development and validation of new prognostic models. Stroke, 33(4), 1041–
1047. 

Coutts, S. B., Modi, J., Patel, S. K., Aram, H., Demchuk, A. M., Goyal, M., & Hill, M. D. (2012). What 
causes disability after transient ischemic attack and minor stroke? Results from the CT and MRI 
in the Triage of TIA and minor Cerebrovascular Events to Identify High Risk Patients (CATCH) 
Study. Stroke, 43(11), 3018–3022. 



 

51 

Cramer, S. C. (2008). Repairing the human brain after stroke: I. Mechanisms of spontaneous recovery. 
Annals of Neurology, 63(3), 272–287. 

Culebras, A., Sacco, R., Kasner, S., Broderick, J., Caplan, L., & Connors, J. (2013). An updated 
definition of stroke for the 21st century. Stroke, 44(7), 2064–2089. 

Daniel, P. (1953). DAWES. JDK and PRICHARD, MML 1953. Studies on the carotid rete and its 
associated arteries.-. Phi!. Trans. Roy. Soc. London, 173–208. 

D’Arcy, M. S. (2019). Cell death: A review of the major forms of apoptosis, necrosis and autophagy. Cell 
Biology International, 43(6), 582–592. 

Dave, J., Engel, M., Freercks, R., Peter, J., May, W., Badri, M., Van Niekerk, L., & Levitt, N. (2010). 
Abnormal glucose metabolism in non-diabetic patients presenting with an acute stroke: 
Prospective study and systematic review. QJM: An International Journal of Medicine, 103(7), 
495–503. 

Davenport, R. (2002). Acute headache in the emergency department. Journal of Neurology, Neurosurgery 
& Psychiatry, 72(suppl 2), ii33–ii37. 

Deb, P., Sharma, S., & Hassan, K. (2010). Pathophysiologic mechanisms of acute ischemic stroke: An 
overview with emphasis on therapeutic significance beyond thrombolysis. Pathophysiology, 
17(3), 197–218. 

Del Zoppo, G. J., Copeland, B. R., Harker, L. A., Waltz, T. A., Zyroff, J., Hanson, S. R., & Battenberg, E. 
(1986). Experimental acute thrombotic stroke in baboons. Stroke, 17(6), 1254–1265. 

Derflinger, S., Fiebach, J. B., Böttger, S., Haberl, R. L., & Audebert, H. J. (2015). The progressive course 
of neurological symptoms in anterior choroidal artery infarcts. International Journal of Stroke, 
10(1), 134–137. 

Desilles, J.-P., Meseguer, E., Labreuche, J., Lapergue, B., Sirimarco, G., Gonzalez-Valcarcel, J., Lavallée, 
P., Cabrejo, L., Guidoux, C., & Klein, I. (2013). Diabetes mellitus, admission glucose, and 
outcomes after stroke thrombolysis: A registry and systematic review. Stroke, 44(7), 1915–1923. 

Doyle, K. P., Simon, R. P., & Stenzel-Poore, M. P. (2008). Mechanisms of ischemic brain damage. 
Neuropharmacology, 55(3), 310–318. 

Ekker, M. S., Verhoeven, J. I., Vaartjes, I., Jolink, W. M. T., Klijn, C. J. M., & de Leeuw, F.-E. (2019). 
Association of stroke among adults aged 18 to 49 years with long-term mortality. Jama, 321(21), 
2113–2123. 

Elmore, S. (2007). Apoptosis: A review of programmed cell death. Toxicologic Pathology, 35(4), 495–
516. 

Emberson, J., Lees, K. R., Lyden, P., Blackwell, L., Albers, G., Bluhmki, E., Brott, T., Cohen, G., Davis, 
S., & Donnan, G. (2014). Effect of treatment delay, age, and stroke severity on the effects of 
intravenous thrombolysis with alteplase for acute ischaemic stroke: A meta-analysis of individual 
patient data from randomised trials. The Lancet, 384(9958), 1929–1935. 

Emerging Risk Factors Collaboration. (2010). Diabetes mellitus, fasting blood glucose concentration, and 
risk of vascular disease: A collaborative meta-analysis of 102 prospective studies. The Lancet, 
375(9733), 2215–2222. 

Feigin, V. L., Lawes, C. 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. The 
Lancet Neurology, 2(1), 43–53. 

Finlayson, O., Kapral, M., Hall, R., Asllani, E., Selchen, D., & Saposnik, G. (2011). Risk factors, 
inpatient care, and outcomes of pneumonia after ischemic stroke. Neurology, 77(14), 1338–1345. 



 

52 

Fischer, U., Arnold, M., Nedeltchev, K., Brekenfeld, C., Ballinari, P., Remonda, L., Schroth, G., & 
Mattle, H. P. (2005). NIHSS score and arteriographic findings in acute ischemic stroke. Stroke, 
36(10), 2121–2125. 

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. 

Fisher, M., Hanley, D. F., Howard, G., Jauch, E. C., & Warach, S. (2007). Recommendations from the 
STAIR V meeting on acute stroke trials, technology and outcomes. Stroke, 38(2), 245–248. 

Flemming, K. D., Brown Jr, R. D., Petty, G. W., Huston III, J., Kallmes, D. F., & Piepgras, D. G. (2004). 
Evaluation and management of transient ischemic attack and minor cerebral infarction. 79(8), 
1071–1086. 

Flight, S. M., Masci, P. P., Lavin, M. F., & Gaffney, P. J. (2006). Resistance of porcine blood clots to 
lysis relates to poor activation of porcine plasminogen by tissue plasminogen activator. Blood 
Coagulation & Fibrinolysis, 17(5), 417–420. 

FOOD Trial Collaboration. (2003). Poor nutritional status on admission predicts poor outcomes after 
stroke: Observational data from the FOOD trial. Stroke, 34(6), 1450–1456. 

Fouda, A. Y., Kozak, A., Alhusban, A., Switzer, J. A., & Fagan, S. C. (2013). Anti-inflammatory IL-10 is 
upregulated in both hemispheres after experimental ischemic stroke: Hypertension blunts the 
response. Experimental & Translational Stroke Medicine, 5(1), 1–7. 

Frankel, M. R., Morgenstern, L., Kwiatkowski, T., Lu, M., Tilley, B., Broderick, J., Libman, R., Levine, 
S., & Brott, T. (2000). Predicting prognosis after stroke: A placebo group analysis from the 
National Institute of Neurological Disorders and Stroke rt-PA Stroke Trial. Neurology, 55(7), 
952–959. 

Fritz, S. L., Light, K. E., Patterson, T. S., Behrman, A. L., & Davis, S. B. (2005). Active finger extension 
predicts outcomes after constraint-induced movement therapy for individuals with hemiparesis 
after stroke. Stroke, 36(6), 1172–1177. 

Frizzell, J. P. (2005). Acute stroke: Pathophysiology, diagnosis, and treatment. AACN Advanced Critical 
Care, 16(4), 421–440. 

Göb, E., Reymann, S., Langhauser, F., Schuhmann, M. K., Kraft, P., Thielmann, I., Göbel, K., Brede, M., 
Homola, G., & Solymosi, L. (2015). Blocking of plasma kallikrein ameliorates stroke by reducing 
thromboinflammation. Annals of Neurology, 77(5), 784–803. 

Goyal, M., Menon, B. K., van Zwam, W. H., Dippel, D. W., Mitchell, P. J., Demchuk, A. M., Dávalos, 
A., Majoie, C. B., van der Lugt, A., & De Miquel, M. A. (2016). Endovascular thrombectomy 
after large-vessel ischaemic stroke: A meta-analysis of individual patient data from five 
randomised trials. The Lancet, 387(10029), 1723–1731. 

Gralla, J., Schroth, G., Remonda, L., Fleischmann, A., Fandino, J., Slotboom, J., & Brekenfeld, C. (2006). 
A dedicated animal model for mechanical thrombectomy in acute stroke. American Journal of 
Neuroradiology, 27(6), 1357–1361. 

Gregson, J. M., Leathley, M., Moore, A. P., Sharma, A. K., Smith, T. L., & Watkins, C. L. (1999). 
Reliability of the Tone Assessment Scale and the modified Ashworth scale as clinical tools for 
assessing poststroke spasticity. Archives of physical medicine and rehabilitation, 80(9), 1013-
1016. 

Grewer, C., Gameiro, A., Zhang, Z., Tao, Z., Braams, S., & Rauen, T. (2008). Glutamate forward and 
reverse transport: From molecular mechanism to transporter‐mediated release after ischemia. 
IUBMB Life, 60(9), 609–619. 



 

53 

Grube, M. M., Koennecke, H.-C., Walter, G., Thümmler, J., Meisel, A., Wellwood, I., & Heuschmann, P. 
U. (2012). Association between socioeconomic status and functional impairment 3 months after 
ischemic stroke: The Berlin Stroke Register. Stroke, 43(12), 3325–3330. 

Grysiewicz, R. A., Thomas, K., & Pandey, D. K. (2008). Epidemiology of ischemic and hemorrhagic 
stroke: Incidence, prevalence, mortality, and risk factors. Neurologic Clinics, 26(4), 871–895. 

Guglielmo, M., Chan, P., Cortez, S., Stopa, E., McMillan, P., Johanson, C., Epstein, M., & Doberstein, C. 
(1998). The temporal profile and morphologic features of neuronal death in human stroke 
resemble those observed in experimental forebrain ischemia: The potential role of apoptosis. 
Neurological Research, 20(4), 283–296. 

Guiraud, V., Amor, M. B., Mas, J.-L., & Touzé, E. (2010). Triggers of ischemic stroke: A systematic 
review. Stroke, 41(11), 2669–2677. 

Hackam, D. G., & Spence, J. D. (2007). Combining multiple approaches for the secondary prevention of 
vascular events after stroke: A quantitative modeling study. Stroke, 38(6), 1881–1885. 

Haley, W. E., Roth, D. L., Kissela, B., Perkins, M., & Howard, G. (2011). Quality of life after stroke: A 
prospective longitudinal study. Quality of Life Research, 20(6), 799–806. 

Hankey, G. J. (2006). Potential new risk factors for ischemic stroke: What is their potential? Stroke, 
37(8), 2181–2188. 

Hankey, G., Spiesser, J., Hakimi, Z., Bego, G., Carita, P., & Gabriel, S. (2007). Rate, degree, and 
predictors of recovery from disability following ischemic stroke. Neurology, 68(19), 1583–1587. 

Harmsen, P., Lappas, G., Rosengren, A., & Wilhelmsen, L. (2006). Long-term risk factors for stroke: 
Twenty-eight years of follow-up of 7457 middle-aged men in Goteborg, Sweden. Stroke, 37(7), 
1663–1667. 

Hart, R. G., & Kanter, M. C. (1990). Hematologic disorders and ischemic stroke. A selective review. 
Stroke, 21(8), 1111–1121. 

Hebert, D., Lindsay, M. P., McIntyre, A., Kirton, A., Rumney, P. G., Bagg, S., Bayley, M., Dowlatshahi, 
D., Dukelow, S., & Garnhum, M. (2016). Canadian stroke best practice recommendations: Stroke 
rehabilitation practice guidelines, update 2015. International Journal of Stroke, 11(4), 459–484. 

Helleberg, B. H., Ellekjaer, H., & Indredavik, B. (2016). Outcomes after early neurological deterioration 
and transitory deterioration in acute ischemic stroke patients. Cerebrovascular Diseases, 42(5–6), 
378–386. 

Herson, P. S., & Traystman, R. J. (2014). Animal models of stroke: Translational potential at present and 
in 2050. Future Neurology, 9(5), 541–551. 

Hoffmann, A., Stoffel, M. H., Nitzsche, B., Lobsien, D., Seeger, J., Schneider, H., & Boltze, J. (2014). 
The ovine cerebral venous system: Comparative anatomy, visualization, and implications for 
translational research. PLoS One, 9(4), e92990. 

Howells, D., Van der Worp, B., & Macleod, M. (2009). CAMARADES (Collaborative Approach to 
Meta-Analysis and Review of Animal Data from Experimental Stroke): Understanding bias and 
biology in translational medicine: 1A. 3. International Journal of Stroke, 4, 1–2. 

Howells, D. W., Porritt, M. J., Rewell, S. S., O’collins, V., Sena, E. S., Van Der Worp, H. B., Traystman, 
R. J., & Macleod, M. R. (2010). Different strokes for different folks: The rich diversity of animal 
models of focal cerebral ischemia. Journal of Cerebral Blood Flow & Metabolism, 30(8), 1412–
1431. 



 

54 

Huang, J., Mocco, J., Choudhri, T. F., Poisik, A., Popilskis, S. J., Emerson, R., DelaPaz, R. L., Khandji, 
A. G., Pinsky, D. J., & Connolly Jr, E. S. (2000). A modified transorbital baboon model of 
reperfused stroke. Stroke, 31(12), 3054–3063. 

Hunter, A., Hatcher, J., Virley, D., Nelson, P., Irving, E., Hadingham, S., & Parsons, A. (2000). 
Functional assessments in mice and rats after focal stroke. Neuropharmacology, 39(5), 806–816. 

Imai, H., Konno, K., Nakamura, M., Shimizu, T., Kubota, C., Seki, K., Honda, F., Tomizawa, S., Tanaka, 
Y., & Hata, H. (2006). A new model of focal cerebral ischemia in the miniature pig. Journal of 
Neurosurgery: Pediatrics, 104(2), 123–132. 

Ingeman, A., Andersen, G., Hundborg, H. H., Svendsen, M. L., & Johnsen, S. P. (2011). In-hospital 
medical complications, length of stay, and mortality among stroke unit patients. Stroke, 42(11), 
3214–3218. 

Janghorbani, M., Hu, F. B., Willett, W. C., Li, T. Y., Manson, J. E., Logroscino, G., & Rexrode, K. M. 
(2007). Prospective study of type 1 and type 2 diabetes and risk of stroke subtypes: The Nurses’ 
Health Study. Diabetes Care, 30(7), 1730–1735. 

Jerrard-Dunne, P., Cloud, G., Hassan, A., & Markus, H. S. (2003). Evaluating the genetic component of 
ischemic stroke subtypes: A family history study. Stroke, 34(6), 1364–1369. 

Johnson, S. (2014). Diabetes as a Risk Factor for Stroke in Women Compared With Men: A Systematic 
Review and Meta-Analysis of 64 Cohorts, Including 775,385 Individuals and 12,539 Strokes: 
Peters SA, Huxley RR, Woodward M. Lancet 2014; 383: 1973− 80. Journal of Emergency 
Medicine, 47(3), 384. 

Johnston, K. C., Bruno, A., Pauls, Q., Hall, C. E., Barrett, K. M., Barsan, W., Fansler, A., Van de 
Bruinhorst, K., Janis, S., & Durkalski-Mauldin, V. L. (2019). Intensive vs standard treatment of 
hyperglycemia and functional outcome in patients with acute ischemic stroke: The SHINE 
randomized clinical trial. Jama, 322(4), 326–335. 

Johnston, K. C., Li, J. Y., Lyden, P. D., Hanson, S. K., Feasby, T. E., Adams, R. J., Faught Jr, R. E., & 
Haley Jr, E. C. (1998). Medical and neurological complications of ischemic stroke: Experience 
from the RANTTAS trial. Stroke, 29(2), 447–453. 

Jørgensen, H. S., Nakayama, H., Raaschou, H. O., & Olsen, T. S. (1999). Stroke: Neurologic and 
functional recovery the Copenhagen Stroke Study. Physical Medicine and Rehabilitation Clinics, 
10(4), 887–906. 

Kaesmacher, J., Mordasini, P., Arnold, M., López-Cancio, E., Cerdá, N., Boeckh-Behrens, T., Kleine, J. 
F., Goyal, M., Hill, M. D., & Pereira, V. M. (2019). Direct mechanical thrombectomy in tPA-
ineligible and-eligible patients versus the bridging approach: A meta-analysis. Journal of 
Neurointerventional Surgery, 11(1), 20–27. 

Kaiser, E. E., & West, F. D. (2020). Large animal ischemic stroke models: Replicating human stroke 
pathophysiology. Neural Regeneration Research, 15(8), 1377. 

Kammersgaard, L. P., Jørgensen, H., Reith, J., Nakayama, H., Pedersen, P., & Olsen, T. (2004). Short-
and long-term prognosis for very old stroke patients. The Copenhagen Stroke Study. Age and 
Ageing, 33(2), 149–154. 

Katrak, P., Bowring, G., Conroy, P., Chilvers, M., Poulos, R., & McNeil, D. (1998). Predicting upper 
limb recovery after stroke: The place of early shoulder and hand movement. Archives of Physical 
Medicine and Rehabilitation, 79(7), 758–761. 



 

55 

Katsanos, A. H., Malhotra, K., Goyal, N., Arthur, A., Schellinger, P. D., Köhrmann, M., Krogias, C., 
Turc, G., Magoufis, G., & Leys, D. (2019). Intravenous thrombolysis prior to mechanical 
thrombectomy in large vessel occlusions. Annals of Neurology, 86(3), 395–406. 

Kawachi, I., Colditz, G. A., Stampfer, M. J., Willett, W. C., Manson, J. E., Rosner, B., Speizer, F. E., & 
Hennekens, C. H. (1993). Smoking cessation and decreased risk of stroke in women. Jama, 
269(2), 232–236. 

Kelly-Hayes, M., Beiser, A., Kase, C. S., Scaramucci, A., D’Agostino, R. B., & Wolf, P. A. (2003). The 
influence of gender and age on disability following ischemic stroke: The Framingham study. 
Journal of Stroke and Cerebrovascular Diseases, 12(3), 119–126. 

Kernan, W. N., Ovbiagele, B., Black, H. R., Bravata, D. M., Chimowitz, M. I., Ezekowitz, M. D., Fang, 
M. C., Fisher, M., Furie, K. L., & Heck, D. V. (2014). Guidelines for the prevention of stroke in 
patients with stroke and transient ischemic attack: A guideline for healthcare professionals from 
the American Heart Association/American Stroke Association. Stroke, 45(7), 2160–2236. 

Khalid, W., Rozi, S., Ali, T. S., Azam, I., Mullen, M. T., Illyas, S., Soomro, N., & Kamal, A. K. (2016). 
Quality of life after stroke in Pakistan. BMC Neurology, 16(1), 1–12. 

Kobayashi, E., Hishikawa, S., Teratani, T., & Lefor, A. T. (2012). The pig as a model for translational 
research: Overview of porcine animal models at Jichi Medical University. Transplantation 
Research, 1(1), 1–9. 

Koennecke, H.-C., Belz, W., Berfelde, D., Endres, M., Fitzek, S., Hamilton, F., Kreitsch, P., Mackert, B.-
M., Nabavi, D., & Nolte, C. (2011). Factors influencing in-hospital mortality and morbidity in 
patients treated on a stroke unit. Neurology, 77(10), 965–972. 

Kogan, E., Twyman, K., Heap, J., Milentijevic, D., Lin, J. H., & Alberts, M. (2020). Assessing stroke 
severity using electronic health record data: a machine learning approach. BMC medical 
informatics and decision making, 20(1), 1-8. 

König, I. R., Ziegler, A., Bluhmki, E., Hacke, W., Bath, P. M., Sacco, R. L., Diener, H. C., & Weimar, C. 
(2008). Predicting long-term outcome after acute ischemic stroke: A simple index works in 
patients from controlled clinical trials. Stroke, 39(6), 1821–1826. 

Kraft, P., Göb, E., Schuhmann, M. K., Göbel, K., Deppermann, C., Thielmann, I., Herrmann, A. M., 
Lorenz, K., Brede, M., & Stoll, G. (2013). FTY720 ameliorates acute ischemic stroke in mice by 
reducing thrombo-inflammation but not by direct neuroprotection. Stroke, 44(11), 3202–3210. 

Krishnamurthi, R. V., Moran, A. E., Feigin, V. L., Barker-Collo, S., Norrving, B., Mensah, G. A., Taylor, 
S., Naghavi, M., Forouzanfar, M. H., & Nguyen, G. (2015). Stroke prevalence, mortality and 
disability-adjusted life years in adults aged 20-64 years in 1990-2013: Data from the global 
burden of disease 2013 study. Neuroepidemiology, 45(3), 190–202. 

Kucinski, T., Koch, C., Eckert, B., Becker, V., Krömer, H., Heesen, C., Grzyska, U., Freitag, H., Röther, 
J., & Zeumer, H. (2003). Collateral circulation is an independent radiological predictor of 
outcome after thrombolysis in acute ischaemic stroke. Neuroradiology, 45(1), 11–18. 

Kumar, A., & Gupta, V. (2016). A review on animal models of stroke: An update. Brain Research 
Bulletin, 122, 35–44. 

Kurth, T., Kase, C. S., Berger, K., Gaziano, J. M., Cook, N. R., & Buring, J. E. (2003). Smoking and risk 
of hemorrhagic stroke in women. Stroke, 34(12), 2792–2795. 

Lai, S.-M., Duncan, P. W., & Keighley, J. (1998). Prediction of functional outcome after stroke: 
Comparison of the Orpington Prognostic Scale and the NIH Stroke Scale. Stroke, 29(9), 1838–
1842. 



 

56 

Lee, M., Ovbiagele, B., Hong, K.-S., Wu, Y.-L., Lee, J.-E., Rao, N. M., Feng, W., & Saver, J. L. (2015). 
Effect of blood pressure lowering in early ischemic stroke: Meta-analysis. Stroke, 46(7), 1883–
1889. 

Lees, K. R., Bluhmki, E., Von Kummer, R., Brott, T. G., Toni, D., Grotta, J. C., Albers, G. W., Kaste, M., 
Marler, J. R., & Hamilton, S. A. (2010). Time to treatment with intravenous alteplase and 
outcome in stroke: An updated pooled analysis of ECASS, ATLANTIS, NINDS, and EPITHET 
trials. The Lancet, 375(9727), 1695–1703. 

Lees, K. R., Emberson, J., Blackwell, L., Bluhmki, E., Davis, S. M., Donnan, G. A., Grotta, J. C., Kaste, 
M., von Kummer, R., & Lansberg, M. G. (2016). Effects of alteplase for acute stroke on the 
distribution of functional outcomes: A pooled analysis of 9 trials. Stroke, 47(9), 2373–2379. 

Levine, S. R. (2005). Hypercoagulable states and stroke: A selective review. CNS Spectrums, 10(7), 567–
578. 

Li, C., Engström, G., Hedblad, B., Berglund, G., & Janzon, L. (2005). Risk factors for stroke in subjects 
with normal blood pressure: A prospective cohort study. Stroke, 36(2), 234–238. 

Liang, A. C., Mandeville, E. T., Maki, T., Shindo, A., Som, A. T., Egawa, N., Itoh, K., Chuang, T. T., 
McNeish, J. D., & Holder, J. C. (2016). Effects of aging on neural stem/progenitor cells and 
oligodendrocyte precursor cells after focal cerebral ischemia in spontaneously hypertensive rats. 
Cell Transplantation, 25(4), 705–714. 

Lima, F. O., Furie, K. L., Silva, G. S., Lev, M. H., Camargo, É. C., Singhal, A. B., Harris, G. J., Halpern, 
E. F., Koroshetz, W. J., & Smith, W. S. (2010). The pattern of leptomeningeal collaterals on CT 
angiography is a strong predictor of long-term functional outcome in stroke patients with large 
vessel intracranial occlusion. Stroke, 41(10), 2316–2322. 

Lindsberg, P. J., & Roine, R. O. (2004). Hyperglycemia in acute stroke. Stroke, 35(2), 363–364. 
Lipton, P. (1999). Ischemic cell death in brain neurons. Physiological Reviews, 79(4), 1431–1568. 
Lo, A. C., Guarino, P. D., Richards, L. G., Haselkorn, J. K., Wittenberg, G. F., Federman, D. G., Ringer, 

R. J., Wagner, T. H., Krebs, H. I., & Volpe, B. T. (2010). Robot-assisted therapy for long-term 
upper-limb impairment after stroke. New England Journal of Medicine, 362(19), 1772–1783. 

Love, S., Barber, R., & Wilcock, G. (2000). Neuronal death in brain infarcts in man. Neuropathology and 
Applied Neurobiology, 26(1), 55–66. 

Luitse, M. J., Biessels, G. J., Rutten, G. E., & Kappelle, L. J. (2012). Diabetes, hyperglycaemia, and acute 
ischaemic stroke. The Lancet Neurology, 11(3), 261–271. 

Mack, W. J., King, R. G., Hoh, D. J., Coon, A. L., Ducruet, A. F., Huang, J., Mocco, J., Winfree, C. J., 
D’Ambrosio, A. L., & Nair, M. N. (2003). An improved functional neurological examination for 
use in nonhuman primate studies of focal reperfused cerebral ischemia. Neurological Research, 
25(3), 280–284. 

Macrae, I. (2011). Preclinical stroke research–advantages and disadvantages of the most common rodent 
models of focal ischaemia. British Journal of Pharmacology, 164(4), 1062–1078. 

Markus, H. (2004). Cerebral perfusion and stroke. Journal of Neurology, Neurosurgery & Psychiatry, 
75(3), 353–361. 

McGrath, E. R., Kapral, M. K., Fang, J., Eikelboom, J. W., O’Conghaile, A., Canavan, M., O’Donnell, M. 
J., & Investigators of the Ontario Stroke Registry. (2013). Association of atrial fibrillation with 
mortality and disability after ischemic stroke. Neurology, 81(9), 825–832. 

Mehrholz, J., Thomas, S., Kugler, J., Pohl, M., & Elsner, B. (2020). Electromechanical‐assisted training 
for walking after stroke. Cochrane Database of Systematic Reviews, 10. 



 

57 

Mochizuki, G., Centen, A., Resnick, M., Lowrey, C., Dukelow, S. P., & Scott, S. H. (2019). Movement 
kinematics and proprioception in post-stroke spasticity: assessment using the Kinarm robotic 
exoskeleton. Journal of neuroengineering and rehabilitation, 16(1), 1-13. 

Modo, M., Stroemer, R., Tang, E., Veizovic, T., Sowniski, P., & Hodges, H. (2000). Neurological 
sequelae and long-term behavioural assessment of rats with transient middle cerebral artery 
occlusion. Journal of Neuroscience Methods, 104(1), 99–109. 

Moran, A., Forouzanfar, M., Sampson, U., Chugh, S., Feigin, V., & Mensah, G. (2013). The 
epidemiology of cardiovascular diseases in sub-Saharan Africa: The global burden of diseases, 
injuries and risk factors 2010 study. Progress in Cardiovascular Diseases, 56(3), 234–239. 

Mulder, M. J., van Oostenbrugge, R. J., Dippel, D. W., & Mr Clean Investigators. (2015). Letter by 
Mulder et al regarding article,“2015 AHA/ASA focused update of the 2013 guidelines for the 
early management of patients with acute ischemic stroke regarding endovascular treatment: A 
guideline for healthcare professionals from the American Heart Association/American Stroke 
Association.” Stroke, 46(11), e235–e235. 

Nakayama, H., Jørgensen, H., Raaschou, H., & Olsen, T. S. (1994). The influence of age on stroke 
outcome. The Copenhagen Stroke Study. Stroke, 25(4), 808–813. 

Nanda, B., & Getty, R. (1975). Arteria intercarotica caudalis and its homologue in the domestic animals. 
Anatomischer Anzeiger, 137(1–2), 110–115. 

Nasi, L. A., Martins, S. C. O., Gus, M., Weiss, G., de Almeida, A. G., Brondani, R., Rebello, L. C., 
DalPizzol, A., Fuchs, F. D., & Valença, M. J. M. (2019). Early manipulation of arterial blood 
pressure in acute ischemic stroke (MAPAS): Results of a randomized controlled trial. 
Neurocritical Care, 30(2), 372–379. 

National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. (1995). Tissue 
plasminogen activator for acute ischemic stroke. New England Journal of Medicine, 333(24), 
1581–1588. 

Niewada, M., Kobayashi, A., Sandercock, P. A., Kamiński, B., & Członkowska, A. (2005). Influence of 
gender on baseline features and clinical outcomes among 17,370 patients with confirmed 
ischaemic stroke in the international stroke trial. Neuroepidemiology, 24(3), 123–128. 

Nordin, N., Xie, S. Q., & Wünsche, B. (2014). Assessment of movement quality in robot-assisted upper 
limb rehabilitation after stroke: a review. Journal of neuroengineering and rehabilitation, 11(1), 
1-23. 

Nudo, R. J., Plautz, E. J., & Frost, S. B. (2001). Role of adaptive plasticity in recovery of function after 
damage to motor cortex. Muscle & Nerve: Official Journal of the American Association of 
Electrodiagnostic Medicine, 24(8), 1000–1019. 

Ockene, I. S., & Miller, N. H. (1997). Cigarette smoking, cardiovascular disease, and stroke: A statement 
for healthcare professionals from the American Heart Association. Circulation, 96(9), 3243–
3247. 

O’collins, V. E., Macleod, M. R., Cox, S. F., Van Raay, L., Aleksoska, E., Donnan, G. A., & Howells, D. 
W. (2011). Preclinical drug evaluation for combination therapy in acute stroke using systematic 
review, meta-analysis, and subsequent experimental testing. Journal of Cerebral Blood Flow & 
Metabolism, 31(3), 962–975. 

O’Donnell, M. J., Chin, S. L., Rangarajan, S., Xavier, D., Liu, L., Zhang, H., Rao-Melacini, P., Zhang, 
X., Pais, P., & Agapay, S. (2016). Global and regional effects of potentially modifiable risk 
factors associated with acute stroke in 32 countries (INTERSTROKE): A case-control study. The 
Lancet, 388(10046), 761–775. 



 

58 

O’Donnell, M. J., Fang, J., D’Uva, C., Saposnik, G., Gould, L., McGrath, E., Kapral, M. K., & 
Investigators of the Registry of the Canadian Stroke Network. (2012). The PLAN score: A 
bedside prediction rule for death and severe disability following acute ischemic stroke. Archives 
of Internal Medicine, 172(20), 1548–1556. 

Ois, A., Cuadrado-Godia, E., Solano, A., Perich-Alsina, X., & Roquer, J. (2009). Acute ischemic stroke 
in anterior choroidal artery territory. Journal of the Neurological Sciences, 281(1–2), 80–84. 

Okumura, K., Ohya, Y., Maehara, A., Wakugami, K., Iseki, K., & Takishita, S. (2005). Effects of blood 
pressure levels on case fatality after acute stroke. Journal of Hypertension, 23(6), 1217–1223. 

Oliveira-Filho, J., Silva, S., Trabuco, C., Pedreira, B., Sousa, E., & Bacellar, A. (2003). Detrimental effect 
of blood pressure reduction in the first 24 hours of acute stroke onset. Neurology, 61(8), 1047–
1051. 

Olney, J. W. (1971). Glutamate-induced neuronal necrosis in the infant mouse hypothalamus: An electron 
microscopic study. Journal of Neuropathology & Experimental Neurology, 30(1), 75–90. 

Olsen, T. S., Dehlendorff, C., Petersen, H. G., & Andersen, K. K. (2008). Body mass index and 
poststroke mortality. Neuroepidemiology, 30(2), 93–100. 

Ortiz, G. A., & Sacco, R. L. (2007). National institutes of health stroke scale (nihss). Wiley Encyclopedia 
of Clinical Trials, 1–9. 

Paciaroni, M., Caso, V., Venti, M., Milia, P., Kappelle, L. J., Silvestrelli, G., Palmerini, F., Acciarresi, 
M., Sebastianelli, M., & Agnelli, G. (2005). Outcome in patients with stroke associated with 
internal carotid artery occlusion. Cerebrovascular Diseases, 20(2), 108–113. 

Parsons, M., Barber, P., & Desmond, P. (2002). Acute hyperglycemia adversely affects stroke outcome. A 
Magnetic Resonance Imaging and Spectroscopy Study. Ann Neurol 2002; 52: 20, 28. 

Pei, J., You, X., & Fu, Q. (2015). Inflammation in the pathogenesis of ischemic stroke. Front Biosci 
(Landmark Ed), 20(1), 772–783. 

Persson, J., Holmegaard, L., Karlberg, I., Redfors, P., Jood, K., Jern, C., Blomstrand, C., & Forsberg-
Wärleby, G. (2015). Spouses of stroke survivors report reduced health-related quality of life even 
in long-term follow-up: Results from Sahlgrenska Academy study on ischemic stroke. Stroke, 
46(9), 2584–2590. 

Peters, S. A., Huxley, R. R., & Woodward, M. (2013). Smoking as a risk factor for stroke in women 
compared with men: A systematic review and meta-analysis of 81 cohorts, including 3 980 359 
individuals and 42 401 strokes. Stroke, 44(10), 2821–2828. 

Petrea, R. E., Beiser, A. S., Seshadri, S., Kelly-Hayes, M., Kase, C. S., & Wolf, P. A. (2009). Gender 
differences in stroke incidence and poststroke disability in the Framingham heart study. Stroke, 
40(4), 1032–1037. 

Phipps, M. S., & Cronin, C. A. (2020). Management of acute ischemic stroke. Bmj, 368. 
Pierpaoli, C., Barnett, A., Pajevic, S., Chen, R., Penix, L., Virta, A., & Basser, P. (2001). Water diffusion 

changes in Wallerian degeneration and their dependence on white matter architecture. 
Neuroimage, 13(6), 1174–1185. 

Pollock, A., Farmer, S. E., Brady, M. C., Langhorne, P., Mead, G. E., Mehrholz, J., & van Wijck, F. 
(2014). Interventions for improving upper limb function after stroke. Cochrane Database of 
Systematic Reviews, 11. 

Powers, W. J., Rabinstein, A. A., Ackerson, T., Adeoye, O. M., Bambakidis, N. C., Becker, K., Biller, J., 
Brown, M., Demaerschalk, B. M., & Hoh, B. (2019). Guidelines for the early management of 
patients with acute ischemic stroke: 2019 update to the 2018 guidelines for the early management 



 

59 

of acute ischemic stroke: A guideline for healthcare professionals from the American Heart 
Association/American Stroke Association. Stroke, 50(12), e344–e418. 

Prabhakaran, S., Ruff, I., & Bernstein, R. A. (2015). Acute stroke intervention: A systematic review. 
Jama, 313(14), 1451–1462. 

Prencipe, M., Culasso, F., Rasura, M., Anzini, A., Beccia, M., Cao, M., Giubilei, F., & Fieschi, C. (1998). 
Long-term prognosis after a minor stroke: 10-year mortality and major stroke recurrence rates in 
a hospital-based cohort. Stroke, 29(1), 126–132. 

Putman, K., De Wit, L., Schoonacker, M., Baert, I., Beyens, H., Brinkmann, N., Dejaeger, E., De Meyer, 
A.-M., De Weerdt, W., & Feys, H. (2007). Effect of socioeconomic status on functional and 
motor recovery after stroke: A European multicentre study. Journal of Neurology, Neurosurgery 
& Psychiatry, 78(6), 593–599. 

Rink, C., Christoforidis, G., Abduljalil, A., Kontzialis, M., Bergdall, V., Roy, S., Khanna, S., Slivka, A., 
Knopp, M., & Sen, C. K. (2008). Minimally invasive neuroradiologic model of preclinical 
transient middle cerebral artery occlusion in canines. Proceedings of the National Academy of 
Sciences, 105(37), 14100–14105. 

Rink, C., Christoforidis, G., Khanna, S., Peterson, L., Patel, Y., Khanna, S., Abduljalil, A., Irfanoglu, O., 
Machiraju, R., & Bergdall, V. K. (2011). Tocotrienol vitamin E protects against preclinical canine 
ischemic stroke by inducing arteriogenesis. Journal of Cerebral Blood Flow & Metabolism, 
31(11), 2218–2230. 

Rodgers, H., Bosomworth, H., Krebs, H.I., van Wijck, F., Howel, D., Wilson, N., Aird, L., Alvarado, N., 
Andole, S., Cohen, D.L. and Dawson, J. (2019). Robot assisted training for the upper limb after 
stroke (RATULS): a multicentre randomised controlled trial. The Lancet, 394(10192), pp.51-62. 

Rodriguez, G. J., Cordina, S. M., Vazquez, G., Suri, M. F. K., Kirmani, J. F., Ezzeddine, M. A., & 
Qureshi, A. I. (2009). The hydration influence on the risk of stroke (THIRST) study. 
Neurocritical Care, 10(2), 187–194. 

Rosell, A., & Lo, E. H. (2008). Multiphasic roles for matrix metalloproteinases after stroke. Current 
Opinion in Pharmacology, 8(1), 82–89. 

Rossi, D. J., Oshima, T., & Attwell, D. (2000). Glutamate release in severe brain ischaemia is mainly by 
reversed uptake. Nature, 403(6767), 316–321. 

Roth, D. L., Haley, W. E., Clay, O. J., Perkins, M., Grant, J. S., Rhodes, J. D., Wadley, V. G., Kissela, B., 
& Howard, G. (2011). Race and gender differences in 1-year outcomes for community-dwelling 
stroke survivors with family caregivers. Stroke, 42(3), 626–631. 

Sairanen, T., Karjalainen-Lindsberg, M.-L., Paetau, A., Ijäs, P., & Lindsberg, P. J. (2006). Apoptosis 
dominant in the periinfarct area of human ischaemic stroke—A possible target of antiapoptotic 
treatments. Brain, 129(1), 189–199. 

Sakoh, M., Østergaard, L., Røhl, L., Smith, D. F., Simonsen, C. Z., Sørensen, J. C., Poulsen, P. V., 
Gyldensted, C., Sakaki, S., & Gjedde, A. (2000). Relationship between residual cerebral blood 
flow and oxygen metabolism as predictive of ischemic tissue viability: Sequential multitracer 
positron emission tomography scanning of middle cerebral artery occlusion during the critical 
first 6 hours after stroke in pigs. Journal of Neurosurgery, 93(4), 647–657. 

Sakoh, M., Røhl, L., Gyldensted, C., Gjedde, A., & Østergaard, L. (2000). Cerebral blood flow and blood 
volume measured by magnetic resonance imaging bolus tracking after acute stroke in pigs: 
Comparison with [15O] H2O positron emission tomography. Stroke, 31(8), 1958–1964. 



 

60 

Sandu, R. E., Buga, A.-M., Balseanu, A. T., Moldovan, M., & Popa-Wagner, A. (2016). Twenty-four 
hours hypothermia has temporary efficacy in reducing brain infarction and inflammation in aged 
rats. Neurobiology of Aging, 38, 127–140. 

Saposnik, G., Kapral, M. K., Liu, Y., Hall, R., O’Donnell, M., Raptis, S., Tu, J. V., Mamdani, M., & 
Austin, P. C. (2011). IScore: A risk score to predict death early after hospitalization for an acute 
ischemic stroke. Circulation, 123(7), 739–749. 

Saver, J. L., & Altman, H. (2012). Relationship between neurologic deficit severity and final functional 
outcome shifts and strengthens during first hours after onset. Stroke, 43(6), 1537–1541. 

Saver, J. L., Fonarow, G. C., Smith, E. E., Reeves, M. J., Grau-Sepulveda, M. V., Pan, W., Olson, D. M., 
Hernandez, A. F., Peterson, E. D., & Schwamm, L. H. (2013). Time to treatment with intravenous 
tissue plasminogen activator and outcome from acute ischemic stroke. Jama, 309(23), 2480–
2488. 

Scott, S. H., & Dukelow, S. P. (2011). Potential of robots as next-generation technology for clinical 
assessment of neurological disorders and upper-limb therapy. Journal of Rehabilitation Research 
& Development, 48(4). 

Schiemanck, S. K., Kwakkel, G., Post, M. W., Kappelle, J. L., & Prevo, A. J. (2008). Impact of internal 
capsule lesions on outcome of motor hand function at one year post-stroke. Journal of 
Rehabilitation Medicine, 40(2), 96–101. 

Sena, E. S., Currie, G. L., McCann, S. K., Macleod, M. R., & Howells, D. W. (2014). Systematic reviews 
and meta-analysis of preclinical studies: Why perform them and how to appraise them critically. 
Journal of Cerebral Blood Flow & Metabolism, 34(5), 737–742. 

Seners, P., Turc, G., Oppenheim, C., & Baron, J.-C. (2015). Incidence, causes and predictors of 
neurological deterioration occurring within 24 h following acute ischaemic stroke: A systematic 
review with pathophysiological implications. Journal of Neurology, Neurosurgery & Psychiatry, 
86(1), 87–94. 

Siddique, M. A. N., Nur, Z., Mahbub, M. S., Alam, M. B., & Miah, M. T. (2009). Clinical presentation 
and epidemiology of stroke: A study of 100 cases. Journal of Medicine, 10(2), 86–89. 

Simard, J. M., Kent, T. A., Chen, M., Tarasov, K. V., & Gerzanich, V. (2007). Brain oedema in focal 
ischaemia: Molecular pathophysiology and theoretical implications. The Lancet Neurology, 6(3), 
258–268. 

Smania, N., Paolucci, S., Tinazzi, M., Borghero, A., Manganotti, P., Fiaschi, A., Moretto, G., Bovi, P., & 
Gambarin, M. (2007). Active finger extension: A simple movement predicting recovery of arm 
function in patients with acute stroke. Stroke, 38(3), 1088–1090. 

Snider, B. J., Gottron, F. J., & Choi, D. W. (1999). Apoptosis and necrosis in cerebrovascular disease. 
Annals of the New York Academy of Sciences, 893(1), 243–253. 

Stamou, S. C., Hill, P. C., Dangas, G., Pfister, A. J., Boyce, S. W., Dullum, M. K., Bafi, A. S., & Corso, 
P. J. (2001). Stroke after coronary artery bypass: Incidence, predictors, and clinical outcome. 
Stroke, 32(7), 1508–1513. 

Steiner, T., Mendoza, G., De Georgia, M., Schellinger, P., Holle, R., & Hacke, W. (1997). Prognosis of 
stroke patients requiring mechanical ventilation in a neurological critical care unit. Stroke, 28(4), 
711–715. 

Stöllberger, C., Exner, I., Finsterer, J., Slany, J., & Steger, C. (2005). Stroke in diabetic and non‐diabetic 
patients: Course and prognostic value of admission serum glucose. Annals of Medicine, 37(5), 
357–364. 



 

61 

Ström, J. O., Ingberg, E., Theodorsson, A., & Theodorsson, E. (2013). Method parameters’ impact on 
mortality and variability in rat stroke experiments: A meta-analysis. BMC Neuroscience, 14(1), 
1–24. 

Szatkowski, M., Barbour, B., & Attwell, D. (1990). Non-vesicular release of glutamate from glial cells by 
reversed electrogenic glutamate uptake. Nature, 348(6300), 443–446. 

Takahashi, C. D., Der-Yeghiaian, L., Le, V., Motiwala, R. R., & Cramer, S. C. (2008). Robot-based hand 
motor therapy after stroke. Brain, 131(2), 425–437. 

Tarkowski, E., Rosengren, L., Blomstrand, C., Jensen, C., Ekholm, S., & Tarkowski, A. (1999). 
Intrathecal expression of proteins regulating apoptosis in acute stroke. Stroke, 30(2), 321–327. 

Tarkowski, E., Rosengren, L., Blomstrand, C., Wikkelsö, C., Jensen, C., Ekholm, S., & Tarkowski, A. 
(1995). Early intrathecal production of interleukin-6 predicts the size of brain lesion in stroke. 
Stroke, 26(8), 1393–1398. 

Tarkowski, E., Rosengren, L., Blomstrand, C., Wikkelsö, C., Jensen, C., Ekholm, S., & Tarkowski, A. 
(1997). Intrathecal release of pro‐and anti‐inflammatory cytokines during stroke. Clinical & 
Experimental Immunology, 110(3), 492–499. 

Traystman, R. J. (2003). Animal models of focal and global cerebral ischemia. ILAR Journal, 44(2), 85–
95. 

Ueda, H., & Fujita, R. (2004). Cell death mode switch from necrosis to apoptosis in brain. Biological and 
Pharmaceutical Bulletin, 27(7), 950–955. 

Uesugi, M., Kasuya, Y., Hayashi, K., & Goto, K. (1998). SB209670, a potent endothelin receptor 
antagonist, prevents or delays axonal degeneration after spinal cord injury. Brain Research, 
786(1–2), 235–239. 

Van den Bos, G., Smits, J., Westert, G., & Van Straten, A. (2002). Socioeconomic variations in the course 
of stroke: Unequal health outcomes, equal care? Journal of Epidemiology & Community Health, 
56(12), 943–948. 

Vemmos, K., Ntaios, G., Spengos, K., Savvari, P., Vemmou, A., Pappa, T., Manios, E., Georgiopoulos, 
G., & Alevizaki, M. (2011). Association between obesity and mortality after acute first-ever 
stroke: The obesity–stroke paradox. Stroke, 42(1), 30–36. 

Vlcek, M., Schillinger, M., Lang, W., Lalouschek, W., Bur, A., & Hirschl, M. M. (2003). Association 
between course of blood pressure within the first 24 hours and functional recovery after acute 
ischemic stroke. Annals of Emergency Medicine, 42(5), 619–626. 

Vogt, G., Laage, R., Shuaib, A., & Schneider, A. (2012). Initial lesion volume is an independent predictor 
of clinical stroke outcome at day 90: An analysis of the Virtual International Stroke Trials 
Archive (VISTA) database. Stroke, 43(5), 1266–1272. 

Volpe, B., Krebs, H., Hogan, N., Edelstein, L., Diels, C., & Aisen, M. (2000). A novel approach to stroke 
rehabilitation: Robot-aided sensorimotor stimulation. Neurology, 54(10), 1938–1944. 

Wannamethee, S. G., Shaper, A. G., Whincup, P. H., & Walker, M. (1995). Smoking cessation and the 
risk of stroke in middle-aged men. Jama, 274(2), 155–160. 

Wardlaw, J. M., Murray, V., Berge, E., Del Zoppo, G., Sandercock, P., Lindley, R. L., & Cohen, G. 
(2012). Recombinant tissue plasminogen activator for acute ischaemic stroke: An updated 
systematic review and meta-analysis. The Lancet, 379(9834), 2364–2372. 

Watanabe, H., Andersen, F., Simonsen, C. Z., Evans, S. M., Gjedde, A., Cumming, P., & DaNeX Study 
Group. (2001). MR-based statistical atlas of the Göttingen minipig brain. Neuroimage, 14(5), 
1089–1096. 



 

62 

Watanabe, H., Sakoh, M., Andersen, F., Rodell, A., Sørensen, J. C., Østergaard, L., Mouridsen, K., & 
Cumming, P. (2007). Statistical mapping of effects of middle cerebral artery occlusion (MCAO) 
on blood flow and oxygen consumption in porcine brain. Journal of Neuroscience Methods, 
160(1), 109–115. 

Webb, R. L., Kaiser, E. E., Jurgielewicz, B. J., Spellicy, S., Scoville, S. L., Thompson, T. A., Swetenburg, 
R. L., Hess, D. C., West, F. D., & Stice, S. L. (2018). Human neural stem cell extracellular 
vesicles improve recovery in a porcine model of ischemic stroke. Stroke, 49(5), 1248–1256. 

Weimar, C., Goertler, M., Harms, L., Diener, H.-C., & German Stroke Study Collaboration. (2006). 
Distribution and outcome of symptomatic stenoses and occlusions in patients with acute cerebral 
ischemia. Archives of Neurology, 63(9), 1287–1291. 

Weimar, C., Konig, I., Kraywinkel, K., Ziegler, A., & Diener, H. (2004). Age and National Institutes of 
Health Stroke Scale Score within 6 hours after onset are accurate predictors of outcome after 
cerebral ischemia: Development and external validation of prognostic models. Stroke, 35(1), 158–
162. 

Weir, C. J., Murray, G. D., Dyker, A. G., & Lees, K. R. (1997). Is hyperglycaemia an independent 
predictor of poor outcome after acute stroke? Results of a long term follow up study. Bmj, 
314(7090), 1303. 

Whiteley, W. N., Emberson, J., Lees, K. R., Blackwell, L., Albers, G., Bluhmki, E., Brott, T., Cohen, G., 
Davis, S., & Donnan, G. (2016). Risk of intracerebral haemorrhage with alteplase after acute 
ischaemic stroke: A secondary analysis of an individual patient data meta-analysis. The Lancet 
Neurology, 15(9), 925–933. 

Wijdicks, E. F., Sheth, K. N., Carter, B. S., Greer, D. M., Kasner, S. E., Kimberly, W. T., Schwab, S., 
Smith, E. E., Tamargo, R. J., & Wintermark, M. (2014). Recommendations for the management 
of cerebral and cerebellar infarction with swelling: A statement for healthcare professionals from 
the American Heart Association/American Stroke Association. Stroke, 45(4), 1222–1238. 

Wilson, P. W., Hoeg, J. M., D’Agostino, R. B., Silbershatz, H., Belanger, A. M., Poehlmann, H., 
O’Leary, D., & Wolf, P. A. (1997). Cumulative effects of high cholesterol levels, high blood 
pressure, and cigarette smoking on carotid stenosis. New England Journal of Medicine, 337(8), 
516–522. 

Winstein, C. J., Stein, J., Arena, R., Bates, B., Cherney, L. R., Cramer, S. C., Deruyter, F., Eng, J. J., 
Fisher, B., & Harvey, R. L. (2016). Guidelines for adult stroke rehabilitation and recovery: A 
guideline for healthcare professionals from the American Heart Association/American Stroke 
Association. Stroke, 47(6), e98–e169. 

Wolf, P. A., D’Agostino, R. B., Kannel, W. B., Bonita, R., & Belanger, A. J. (1988). Cigarette smoking 
as a risk factor for stroke: The Framingham Study. Jama, 259(7), 1025–1029. 

Woo, D., & Broderick, J. P. (2002). Spontaneous intracerebral hemorrhage: Epidemiology and clinical 
presentation. Neurosurgery Clinics, 13(3), 265–279. 

Wyllie, A. H. (2010). “Where, O death, is thy sting?” A brief review of apoptosis biology. Molecular 
Neurobiology, 42(1), 4–9. 

Yakovlev, S. A., Rublenko, M. V., Izdepsky, V. I., & Makogonenko, E. M. (1995). Activating effect of 
the plasminogen activators on plasminogens of different mammalia species. Thrombosis 
Research, 79(4), 423–428. 

Yamori, Y., Horie, R., Handa, H., Sato, M., & Fukase, M. (1976). Pathogenetic similarity of strokes in 
stroke-prone spontaneously hypertensive rats and humans. Stroke, 7(1), 46–53. 



 

63 

Yang, P., Zhang, Y., Zhang, L., Zhang, Y., Treurniet, K. M., Chen, W., Peng, Y., Han, H., Wang, J., & 
Wang, S. (2020). Endovascular thrombectomy with or without intravenous alteplase in acute 
stroke. New England Journal of Medicine, 382(21), 1981–1993. 

Yang, Y., & Rosenberg, G. A. (2011). Blood–brain barrier breakdown in acute and chronic 
cerebrovascular disease. Stroke, 42(11), 3323–3328. 

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. 

Zonneveld, T. P., Nederkoorn, P. J., Westendorp, W. F., Brouwer, M. C., van de Beek, D., Kruyt, N. D., 
& PASS Investigators. (2017). Hyperglycemia predicts poststroke infections in acute ischemic 
stroke. Neurology, 88(15), 1415–1421. 

 

  



 

64 

Chapter 2 

Selection of preclinical models to evaluate intranasal brain cooling for acute 

ischemic stroke  

Chapter 2 has been published in its entirety in Brain Circulation and can be cited as:  

Chen, Y., Quddusi, A., Harrison, K. A., Ryan, P. E., & Cook, D. J. (2019). Selection of 
preclinical models to evaluate intranasal brain cooling for acute ischemic stroke. Brain 
Circulation, 5(4), 160. 
 
The purpose of this chapter is intended to illustrate the decision-making process underlying 
experimental design of preclinical studies when assessing specific therapies.   
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2.1 Abstract 

Stroke accounts for a large proportion of global mortality and morbidity. Selective hypothermia, 

via intranasal cooling devices, is a promising intervention in acute ischemic stroke. However, 

prior to large clinical trials, preclinical studies in large animal models of ischemic stroke are 

needed to assess the efficacy, safety, and feasibility of intranasal cooling for selective 

hypothermia as a neuroprotective strategy. Here, we review the available scientific literature for 

evidence supporting selective hypothermia and make recommendations of a preclinical, large 

animal‐based, ischemic stroke model that has the greatest potential for evaluating intranasal 

cooling for selective hypothermia and neuroprotection. We conclude that among large animal 

models of focal ischemic stroke including pigs, sheep, dogs, and nonhuman primates (NHPs), 

cynomolgus macaques have nasal anatomy, nasal vasculature, neuroanatomy, and 

cerebrovasculature that are most similar to those of humans. Moreover, middle cerebral artery 

stroke in cynomolgus macaques produces functional and behavioral deficits that are quantifiable 

to a greater degree of precision and detail than those that can be revealed through available 

assessments for other large animals. These NHPs are also amenable to extensive neuroimaging 

studies as a means of monitoring stroke evolution and evaluating infarct size. Hence, we suggest 

that cynomolgus macaques are best suited to assess the safety and efficacy of intranasal selective 

hypothermia through an evaluation of hyperacute diffusion‐weighted imaging and subsequent 

investigation of chronic functional recovery, prior to randomized clinical trials in humans. 

 

Keywords: 

Intranasal cooling, ischemic stroke, nonhuman primate, translational stroke research 
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2.2 Introduction 

Ischemia during stroke leads to cellular injury and death through a series of biochemical 

reactions known as the ischemic cascade (Nesto & Kowalchuk, 1987; Sutherland et al., 2012; 

Wu & Grotta, 2013). Neuroprotective therapies aim to interrupt the biochemical, cellular, and 

metabolic processes of injury during ischemia, and as such, could be effective treatments for 

ischemic stroke (Sutherland et al., 2012). Despite numerous neuroprotective therapies being  

tested in animal models of ischemic stroke, none are currently approved for use in clinical 

practice (O’Collins et al., 2006). The lack of efficacy of stroke therapies in clinical settings is 

thought to stem from the fact that most compounds only target a single step in the ischemic 

cascade and in specific cell types (Lai et al., 2014). Therapeutic hypothermia is a promising 

neuroprotective therapy as it targets multiple steps in the ischemic cascade and mitigates injury 

by decreasing energy depletion, blood-brain barrier disruption, excitotoxicity, and apoptosis 

(Kurisu & Yenari, 2018; Lai et al., 2014; Lyden et al., 2006; Wu & Grotta, 2013). The potential 

of hypothermia as a neuroprotective therapy is underscored by successes in randomized clinical 

trials in patients with global cerebral ischemia after cardiac arrest and in neonates with hypoxic-

ischemic encephalopathy (Edwards et al., 2010; Gluckman et al., 2005; Hypothermia after 

Cardiac Arrest Study Group, 2002). However, to date, there are few clinical studies assessing the 

utility of hypothermia in ischemic stroke and no large scale randomized clinical trials 

(Kammersgaard et al., 2000; Krieger et al., 2001; Lyden et al., 2005; Hemmen et al., 2010). 

 

2.3 Evaluation of pre-clinical evidence: is there enough for large clinical trials? 

Pre-clinical studies in animal models of focal ischemia show promising results for 

hypothermia as a neuroprotectant. In a study of spontaneously hypertensive rats that underwent 
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90 minutes middle cerebral artery occlusion (MCAO), prolonged hypothermia (33°C for 24hrs 

and then 35°C for 24hrs) completely prevented contralateral limb deficits as revealed through a 

food retrieval task one month post-injury. Moreover, authors found a significant reduction in 

infarct volume of rats that received hypothermia versus normothermic controls (Colbourne et al., 

2000). In another study where rats were subjected to 120 minutes of MCAO, animals that were 

exposed to whole body hypothermia of 33°C for 5hrs showed a significant increase in survival 

rate and improvement in functional outcome as compared to normothermic controls. Authors 

also noted a significant decrease in the extent of hyperintensity in T2-weighted MRI scans and a 

reduction in cerebral edema in hypothermia-treated animals (Kollmar R. et al., 2002). A 2007 

systematic review and meta-analysis of 86 publications including data from 3353 animals found 

that, hypothermia reduced infarct size by 43.5% and improved functional outcome by 45.7% 

(van der Worp et al., 2007). 

Most pre-clinical studies on therapeutic hypothermia in ischemic stroke have been 

conducted in rodents; however, there are a few large animal studies including a feasibility and 

safety study conducted in baboons (Covaciu et al., 2008; Mack, Huang, et al., 2003; Wolfson et 

al., 2008). Using an endovascular heat transfer catheter, baboons underwent cooling to 32°C 

initiated 3hrs after onset of ischemia (60 minute MCAO) or were maintained in normothermic 

range. While not statistically significant, the authors noted that at 72hrs, 75% of hypothermic 

animals (6 of 8) were able to feed themselves compared to only 38% of control animals (3 of 8). 

Moreover, authors reported a 50% reduction in 72hr infarct volume of hypothermic versus 

normothermic animals (17+8 and 32+9% of ipsilateral hemisphere in hypothermic (n=6) and 

normothermic (n=8) animals, respectively). The authors did not note any differences in infarct 

size or neurobehavioral score at 10 days post-injury; however, given the low survival rate 
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(control n=2; hypothermia n=5) to this time point, conclusions about efficacy must be drawn 

with caution (Mack et al., 2003).  

Translational research requires the use of numerous animal models depending on the 

focus of the study, which may differ significantly depending on the stage of therapy development 

(Howells et al., 2010). As outlined in a 2010 review article, the process of stroke therapy 

development begins with 1) elucidating processes of cell injury and death, and the discovery of 

potential therapeutic targets. The experimental requirements during this initial phase are model 

flexibility and access to a broad range of scientific tools. As such, murine models and human cell 

cultures are ideal. 2) Subsequently, there is a process of candidate therapy selection. At this 

stage, there is a need for the reliable detection of beneficial and harmful effects of specific 

therapies and the ability to rank candidates in terms of potency and efficacy. At this stage, the 

use of a more homogeneous population of rodents (inbred) to reduce variability could be 

beneficial. 3) Next, there should be pre-clinical verification of efficacy in the scope of 

circumstances that may be encountered in the clinic. As such, studies need to show a significant 

and persistent functional and physiological effect of the therapy in rodent models of 

comorbidities (aged, hypertension, diabetes, atherosclerosis). 4) Lastly, cross-species efficacy 

should be proven in a large animal (cats, pigs, sheep, primates) model. Though the benefits are 

unproven, the Stroke Therapy Academic Industry Roundtable (STAIR) recognizes the distinct 

advantage of gyrencephalic nonhuman primates for this purpose because of their similarity to 

humans (Fisher et al., 2009; Howells et al., 2010).  

Pre-clinical studies of therapeutic hypothermia fulfill the above first, second, and third 

requirements. 1) Studies in rodent models have revealed numerous molecular mechanisms of 

neuroprotection conferred by hypothermia. For example, cooling the ischemic rat brain to 33°C 
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and 30°C completely inhibited the excitotoxic 7-fold increase in glutamate release and attenuated 

the 500-fold dopamine release by 60% in response to ischemic injury (Baker et al., 1995). 2) 

There are numerous methods of hypothermia induction including surface, endovascular, and 

intra-nasal cooling. The efficacy of these different methods in their ability to cool the brain and 

possible adverse effects are well documented (Alzaga et al., 2006; Covaciu et al., 2011; 

Hoedemaekers et al., 2007; Polderman & Herold, 2009). 3) The effect of therapeutic 

hypothermia has been tested in models of comorbidity including older, hypertensive, and 

diabetic animals, as well as in female animals. These studies showed no adverse effects of 

treatment in animals with comorbidities, in fact, hypothermia was found to be slightly more 

effective in hypertensive rats than in normotensive animals (van der Worp et al., 2007).  

Lastly, although there are feasibility and safety studies of therapeutic hypothermia in 

large animal models of stroke (Covaciu et al., 2008; Mack, Huang, et al., 2003; Wolfson et al., 

2008), there are currently no published efficacy studies, rendering the last requirement of 

efficacy testing in multiple species before large scale clinical trials unfulfilled. As such, the 

following proposed study of hypothermia in a large animal model of ischemic stroke could 

provide additional and valuable evidence to support or refute the therapeutic efficacy of 

hypothermia before a large-scale clinical trial.  

 

2.4 Considerations of a pre-clinical large animal study evaluating hypothermia 

2.4.1 Stroke model 

Since middle cerebral artery (MCA) occlusion is the most common presentation of 

ischemic stroke in humans (occurring in 70% of strokes of vascular occlusion), most 

experimental models occlude the MCA (Cook & Tymianski, 2012; Del Zoppo et al., 1986; West 



 

70 

et al., 2009). As hypothermia is a neuroprotective therapy, the stroke model must exhibit an 

ischemic penumbra, as such, the photothrombotic model will not be considered for this study.  

One method of stroke induction that produces an ischemic penumbra is with the use of an 

intraluminal suture introduced through the internal carotid artery and advanced until it interrupts 

the blood supply to the MCA (Howells et al., 2010).  Sutures closely mimic human ischemic 

stroke and allows for reperfusion and the precise control of ischemia duration. However, this 

method can lead to subarachnoid bleeding and hemorrhaging and can sometimes result in 

inadequate occlusion and spontaneous recanalization depending on the type of suture, which 

could increase variability in infarct size.  

Focal application of endothelin-1 (ET-1), is a vasoconstrictive peptide which can be 

applied directly to the MCA, through an intracerebral stereotactic injection, or onto the cortical 

surface and leads to a dose dependent ischemic lesion with marginal ischemic edema (Howells et 

al., 2010; Virley et al., 2004). This model can be minimally invasive and results in low mortality. 

The main drawbacks are that duration of ischemia is difficult to control which results in low 

reproducibility and the presence of ET-1 receptors on multiple cell types results in induction of 

astrocytosis and axonal sprouting (Durukan & Tatlisumak, 2007).  

Embolic stroke models include the insertion of microspheres or thromboembolic clots 

into the MCA via the external carotid artery using a microcatheter (Howells et al., 2010). This 

stroke model results in multifocal and variable infarcts. While it most closely mimics human 

strokes, it results in very low reproducibility of infarct location, high variability in infarct size, 

and allows for the possibility of spontaneous recanalization.  

Lastly, a craniotomy or craniectomy model allows for direct surgical MCAO using 

electrocoagulation to create permanent occlusion or using microaneurysm clips, hooks, or 
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ligatures to create transient occlusion (Cook & Tymianski, 2012; Howells et al., 2010). The main 

advantage of this model is its reproducibility of infarct size and neurological deficits, low 

mortality, and direct visualization of successful MCAO and reperfusion (in transient models). 

While this technique affects intracranial pressure and blood brain barrier function and requires 

significant surgical skill, with access to sufficient resources, the craniectomy model is ideal for 

pre-clinical large animal studies of ischemic stroke. Importantly, the use of this model of 

stroke induction with its high degree of reproducibility allows for detection of statistically 

significant differences between treatment groups with smaller sample sizes, a crucial 

consideration for ethical and financial reasons.  

 

2.4.2 Species selection 

2.4.2.1 Functional outcome and behavioral assessments 

Strokes in humans are characterized by sensorimotor and cognitive impairments, and 

animal models that mimic and allow for assessment of such deficits are useful in evaluating the 

specific benefits of therapies. Several large animal models including pigs, sheep, dogs, and 

nonhuman primates (NHPs) have been used in focal ischemic stroke studies each with a set of 

available neurobehavioral outcome measures. The open field test is the most commonly used 

assessment for evaluating locomotor activity and emotional reactivity in pigs. Previous studies 

have employed gait analyses to quantitatively assess deficits and found an asymmetric gait with 

reduced velocity following stroke (Duberstein et al., 2014; Imai et al., 2006). Cognitive 

assessments include the novel object test, which can be used to assess behavioral responses to 

novelty (Lind et al., 2007). 
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Ovine models of focal ischemic stroke are relatively new, and the few studies that have 

been conducted have used a qualitative stroke scale assessment detailing consciousness, ataxia, 

circling behavior, and compensatory motor behaviors such as hopping and hemistanding (Boltze 

et al., 2008).  

Dog models of cerebral ischemia similarly use a scaled assessment to evaluate motor 

function, consciousness, head turning, circling, and hemianopsia (Kang et al., 2007; Purdy et al., 

1989).  

The battery of available neurobehavioral assessments in NHPs depends on the species but 

is generally more numerous than tests available for other animals. Baboons are behaviorally 

aggressive, and assessments are limited to observational scoring on scales (Mack, King, et al., 

2003). The nonhuman primate stroke scale (NHPSS) is a qualitative scaled assessment of 

consciousness, upper limb function, hemiparesis, visual field deficits, neglect, and spasticity 

(Cook & Tymianski, 2012; Mack, King, et al., 2003). Macaque monkeys are milder in 

temperament, and as such, a wider array of assessments can be employed following stroke. They 

can be trained to perform cognitive and motor tasks such as the 2-tube choice test, the hill and 

valley staircase where animals reach through vertical slots to retrieve food from a 5-step 

staircase, and the 6-well task tests where animals must use fine motor movements of the fingers 

to retrieve treats from 6 small wells within a plate. These tasks can reveal hand dominance and 

can be used to differentiate between hemiparesis and neglect by testing each arm in an isolated 

sensory field. Quantitative measures of reaction time and movement time during task 

performance can provide additional information about sensory processing and motor control 

(Cook & Tymianski, 2012; Marshall & Ridley, 2003; Roitberg et al., 2003). Common cognitive 

assessments of working memory include the Delayed Response Test where animals are presented 
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with an array of wells where a single well contains a food reward, and animals must remember 

the location of the reward after a delay. Studies of dementia have employed assessments of 

higher cognitive function including the Delayed Non-Matching to Sample task, the Delayed 

Recognition Span Task, and the Conceptual Set Shifting Task (Roitberg et al., 2003). 

Additionally, the use of assistive robotic devices has become more widespread, and animals can 

be trained to perform visually guided reaching tasks and undergo assessments of spasticity and 

postural control while their arm positions are recorded over time to allow quantitative 

characterization of sensorimotor control (Graham et al., 2003; Scott, 1999). The wide array of 

available assessments of motor, sensory, and cognitive deficits following stroke in NHPs 

together provide a very complete picture of numerous aspects of deficits that occur following 

stroke.  

2.4.2.2 Cerebral vasculature and stroke induction considerations 

Pigs have a gyrencephalic brain with a grey to white matter ratio similar to that of 

humans (Watanabe et al., 2001). In pigs, as in humans, the internal carotid artery (ICA) supplies 

the majority of blood to the cerebrum (Imai et al., 2006). The intracranial ICA branches into two 

MCAs (one coursing laterally and the other more rostrally, compared to a single MCA in 

humans) and an anterior cerebral artery (ACA; Watanabe et al., 2001). A pivotal study showed 

that electrocoagulation of the two MCAs results in consistent and reproducible infarcts and 

hemiparesis in both the forelimb and hindlimbs (Imai et al., 2006; Lind et al., 2007). In contrast 

to humans, pigs have a rete mirabile, a network of small bilaterally connected vessels perfused 

by the ascending pharyngeal artery and from which the intracranial ICA originates (Imai et al., 

2006; Lind et al., 2007). This structure prevents direct communication (arteriolar diameter 

<1mm) between the extra and intracranial segments of the ICA, and is hypothesized to have 
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evolved as a structure to help animals regulate brain temperature (Baker, 1979, 1982). This 

anastomotic structure prevents embolization of large particles and the guiding of catheters, and 

as such, limits the available methods of stroke induction. 

Ovine models of focal ischemic stroke have also been shown to be feasible, where 

MCAO studies have found histological changes consistent with ischemia (Boltze et al., 2008). 

The cerebrovascular anatomy of the sheep is also similar to that of a human’s; intracranially the 

ICA branches into the MCA and ACA, and the MCA supplies the majority of the motor and 

sensory areas of the lateral cortex. However, similar to the pig, sheep also have a rete mirabile 

from which the intracranial ICA originates (Baldwin & Bell, 1963). The presence of this 

structure similarly prevents the implementation of embolic and suture methods of stroke 

induction.  

Canines have also been used in previous preclinical studies of focal ischemic stroke. 

However, a major limitation of this model is the differences in cerebral vasculature of dogs 

compared to that of humans. For example, in humans the internal carotid arteries are the main 

supply of blood to the brain via the Circle of Willis; however, in dogs, the cerebral arterial circle 

receives substantial blood supply from anastomotic vessels derived from the branches of the 

external carotid artery. The vertebral arteries of dogs are more important contributors of total 

blood supply to the brain than in humans (Garosi & McConnell, 2005). Dogs also have a very 

rudimentary carotid rete. Ischemic stroke in the canine model has low reproducibility due to the 

extensive collateral circulation via the maxilla-carotid and meningocerebral anastomoses 

(Gillilan, 1976). Even so, the major vessels supplying the cerebrum are same in humans and 

dogs, and MCA strokes in dogs induced through permanent occlusion or the introduction of 

autologous blood clots produce large cortical infarcts (Liu et al., 2012). 
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Gyrencephalic NHPs such as macaque monkeys and baboons are phylogenetically closest 

to humans out of all the models considered above, and extrapolations of data from efficacy 

studies in NHPs may be better applied to clinical trials. The vascular anatomy of NHPs is 

analogous to that of humans. NHPs possess a complete Circle of Willis with most of their 

cerebral blood supply originating from the ICA. The ICA divides into an azygous ACA and 

MCA, which supply the midline and lateral aspects of the cerebrum, respectively (Howells et al., 

2010). Out of common NHP models, the cynomolgus macaque (Macaca fascicularis) may be 

most similar to humans in neurovascular anatomy in terms of the degree of collateralization; 

specifically, they have less collateral circulation than baboons and than rhesus macaques 

(Macaca mulatta; de Crespigny et al., 2005; West et al., 2009). MCA strokes in NHPs affect 

sensory, motor, and cognitive function that are easily quantifiable (Cook & Tymianski, 2012; 

Marshall & Ridley, 2003; Roitberg et al., 2003). 

2.4.2.3 Nasal anatomy and vasculature 

An additional necessary consideration given the selection of an intra-nasal cooling 

method of hypothermia induction and maintenance is the nasal anatomy and vasculature of 

potential animal models. Specifically, whether anatomy and vascular physiology constrain the 

feasibility or efficacy of intra-nasal cooling, and whether differences in these parameters may 

render results from a specific model less applicable to humans. The nasal cavity of an adult 

human is divided into two cavities (fossae) by the nasal septum; each fossa is the continuation of 

a nostril. On the lateral wall extending along the length of each cavity are three bones called 

conchae, also known as turbinates, which are responsible for forcing inhaled air to flow in a 

laminar pattern. The internal roof of the nasal cavity is composed of the perforated cribriform 
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plate of the ethmoid bone through which sensory fibers of the olfactory nerve pass (Dawes & 

Prichard, 1953; Mygind & Dahl, 1998). 

The nasal structures in the animal models considered above are fairly similar to that of a 

human’s with a few differences. The pig has a unique additional prenasal bone and changed 

lateral cartilages to support the tip of the nose and has relatively rigid nostrils (Gizurarson, 

2012). The additional anatomical differences between the animal models that are highlighted and 

compared in Table 2.1.  
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Table 2.1: Anatomical parameters of nasal cavity of animal models considered compared to 
humans 

1. Craven et al, 2007 
2. Gizurarson, 1993 
3. Harada et al, 1991 
4. Lee et al., 1966 
5. Peterson et al., 2008 
6. Štembírek et al., 2012 
7. Schmidt et al., 2014 
8. Bronson, 1979 
9. Covaciu et al., 2008 
10. Horschler et al., 2019 
11. McIntosh et al., 1979 

Species 
Distance from naso- Cerebral blood Nasal Nasal surface Brain Body weight/brain 

pharynx to brain (cm)1,2  flow (ml/100g/min) 3,4,5,6  volume (ml)2  area (cm2)4  size (cm3)7  weight ratio8,9,10,11 

Human 2.3 50 20 160 1450 0.020/1 

Pig 7.4 54 - - 110 0.003/1 

Dog 10.5 54 20 221 77 0.006/1 

Nonhuman 

primate 
2.4 52 8 62 95 0.004/1 

Sheep 9 55 114 327 93 0.002/1 
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The vasculature supplying the nose is similar between dogs, sheep, pigs, NHPs, and humans. The 

sphenopalatine artery and its branches and the ethmoidal vessels are the two main groups of 

vessels that supply the nose. The sphenopalatine artery and its branches supply the respiratory 

portion of the nasal mucosa, and the ethmoidal vessels supply the olfactory region. In all the 

above-mentioned species, the sphenopalatine artery is a branch of the maxillary artery. In 

humans and NHPs, the ethmoidal group of arteries arises from the ophthalmic artery from the 

internal carotid; however, in the other species, they arise from a plexus in the olfactory fossa 

supplied by the external ethmoidal artery (a branch of the maxillary artery) and the internal 

ethmoidal artery (arises from the circle of Willis). The olfactory fossa plexus also receives 

supplementary vessels from a branch of the anterior cerebral artery, which supplies the olfactory 

bulb. In all species, the sphenopalatine artery enters the nose through the sphenopalatine foramen 

and branches into the nasopalatine artery that supplies the septum. Before reaching the maxillary 

turbinate, the sphenopalatine gives off several other branches to supply the turbinates, the 

posterior part of the lateral wall, and the maxillary sinus (Dawes & Prichard, 1953; Von et al., 

2018). 

In humans, the veins of the nasal cavity accompany the arteries. The anterior veins 

anastomose with the facial veins, and the posterior ethmoidal veins drain into the orbital and 

ophthalmic veins, pterygoid plexus, and cavernous sinus. Eventually, these veins drain into the 

external and internal jugular veins (Lucente & Har-El, 2004; MacArthur & McGarry, 2017). In 

sheep, pigs, and dogs, the posterior nasal veins also flow towards the cerebral vasculature 

draining into the sagittal sinus and infraorbital veins (Dawes & Prichard, 1953). However, the 

cooler venous blood comes into close contact with the warmer arterial blood flowing through the 
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rete (Strauss et al., 2017). NHPs, like humans, do not have a rete, and the nasal venous drainage 

does not interact with the cerebral arterial blood (Strauss et al., 2017). 

2.4.2.4 Anatomical and vascular considerations for intra-nasal cooling 

In artiodactyls (even-toed ungulates including sheep and pigs), arterial blood destined for 

the circle of Willis first travels through vessels of the rete mirabile. The rete lies in a lake of 

venous blood in the cavernous sinus and is hypothesized to help animals regulate brain 

temperature during hot conditions and during exercise (Baker, 1979, 1982). Indeed, in primates, 

the brain is always warmer than the arterial blood in the aorta or the common carotid. In contrast, 

sheep, dogs, and pigs have brain and cerebral artery temperatures that can fall below central 

arterial blood temperature, suggesting that heat exchange is occurring between warm arterial 

blood in the carotid rete and venous blood cooled by evaporation in the nasal cavity (Cabanac, 

1986). Given its postulated role in brain temperature regulation, the presence of a carotid rete in 

sheep, pigs, and to a lesser extent in dogs, could pose challenges during the translation of 

selective hypothermia to humans since heat exchange and cooling could be occurring differently 

between these species. While not its main intended purpose, a feasibility study compared 

intranasal cooling in animals with (piglet) and without (rabbit) a carotid rete. Animals of 

comparable sizes (rabbits: 3.5kg, piglets: 2.7kg) underwent intranasal cooling using a vortex tube 

that introduced room temperature or -7°C air. Using room temperature air, authors were able to 

achieve a rate of brain cooling of 3.7°C/hr in rabbits, which was not significantly different from 

the 4.5°C/hr rate achieved in piglets. Similarly, the use of -7°C air resulted in faster cooling rates 

that were not significantly different between the two species (rabbit: 5.2°C/hr, piglets: 5.5°C/hr). 

Importantly, even though piglets possess a carotid rete and rabbits do not, rates of brain cooling 

using this intra-nasal device were not significantly different (Bakhsheshi et al., 2018). 
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However, a review of existing studies on intranasal cooling in adult sheep, pigs, and 

humans suggests that the rate of cooling that can be achieved may differ between these species 

(Table 2.2). Specifically, brain cooling rates are faster in sheep and pigs than they are in humans, 

and this difference could be because of the presence of carotid rete, gross nasal anatomy 

differences, or a combination of the two. Therefore, since the presence of a carotid rete and 

anatomical differences could significantly affect the efficacy of intra-nasal cooling, these and 

considerations of cerebrovascular physiology as it relates to stroke induction method and 

reproducibility, similarity to humans for ease of translation, and the availability of assessments 

of functional outcome must all be taken into account during the process of model selection. As 

such, nonhuman primates such as the cynomolgus macaque are an ideal large animal 

model species in which to test the efficacy of therapeutic hypothermia in focal ischemic stroke.  
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Table 2.2: Previous studies of intranasally induced hypothermia 

Studies that have documented intranasal cooling in different species and the rates of cooling that were 
achieved.  

  

Study Animal Baseline cerebral Cooling method Rate of cooling Target  

  model temperature (°C) Used achieved (°C/hr) temperature (°C) 

Chava et al., 2017 Pig 36.8+1.2 Intranasal cold air   
   at 20L/min 4.8 Not specified 

   40L/min 6.2 Not specified 

   80L/min 7.8 Not specified 

      
Covaciu et al., 2008 Pig 38.1+0.6 Nasal balloon catheter 8.4 35.0 

      
Boller et al., 2010 Pig Not specified RhinoChill 4.2 Not specified 

      
Wolfson et al., 2008 Sheep Not specified Intranasal perfluorohexane 13.8 Not specified 

      
Poli et al., 2014 Human 36.7+0.9 RhinoChill 1.2 34-35 (8 of 10 patients) 

     36-36.5 (2 of 10 patients) 

      
Covaciu et al., 2011 Human Not specified Nasal balloon catheter 1.7 Not specified 
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2.4.3 Outcome measures 

Behavioral assessments of sensory, motor, and cognitive deficits post-stroke in 

cynomolgus macaques could include the NHPSS, 2-well task, hill and valley task, the Delayed 

Response Task, and robotic assessments (see above). Indeed, given the wide array of available 

assessment methods with the use of this animal model, as many tests and at as many time points 

as feasibly possible without inducing undue stress should be performed to help form a complete 

and comprehensive evaluation of deficits.  

Cynomolgus macaques are also amenable to neuroimaging using MRI to determine 

infarct size, cerebral blood flow, anatomical and functional brain connectivity, and the rate of 

stroke evolution. T1 or T2-weighted anatomical imaging has been used extensively for 

characterization and quantification of infarct size in both pre-clinical animal models and human 

studies. Imaging sequences such as pseudo-continuous arterial spin labeling (pCASL) have been 

developed and optimized to allow quantification of cerebral blood flow, and time-of-flight MR 

angiography can be useful for evaluating intracranial circulation (Husson et al., 2002; Jung et al., 

2010). Diffusion tensor imaging (DTI) and resting state functional MRI (rs-fMRI) can be used to 

reconstruct white matter tracts through the brain and elucidate brain areas and networks that are 

functionally connected, respectively (Assaf & Pasternak, 2008; Lee et al., 2013). Of particular 

relevance to a study on the neuroprotective effects of therapeutic hypothermia is the ability to 

monitor stroke evolution by quantifying perfusion/diffusion mismatch over time. In acute stroke, 

a region that shows both diffusion and perfusion abnormalities is thought to represent 

irreversibly infarcted tissue, whereas a region that only shows perfusion abnormalities but has 

normal diffusion likely represents viable ischemic tissue (the penumbra) given timely 

reperfusion (Srinivasan et al., 2006). Therefore, if hypothermia confers neuroprotection through 
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a slowing or halting of the ischemic cascade, and as such, ischemic damage, animals treated with 

hypothermia should show a slower rate of diffusion hyperintensity development than 

normothermic controls. As such, neuroimaging techniques can be used to determine whether 

treatment with therapeutic hypothermia can reduce infarct size and rate of stroke evolution and 

help better maintain cerebral blood flow, white matter tract integrity, and functional connectivity.  

Post-mortem, outcome measures could include histological verification of infarct size 

using hemotoxylin and eosin (H&E) at a chronic time point or quantification of amount of 

metabolically inactive tissue using tetrazolium chloride (TTC) at an acute time point (Titford, 

2005; Zhang & Chen, 2012). 

 

2.5 Proposed studies 

Prior to a large-scale randomized clinical trial, we recommend the following two pre-

clinical studies on the efficacy of therapeutic hypothermia in acute ischemic stroke: an acute 

terminal study and a chronic recovery study. As per the STAIR recommendations, any proven 

efficacy should be independently replicated in a separate lab. Moreover, both studies should 

include adequate randomization to treatment groups (hypothermia versus normothermic 

controls), allocation concealment, blinded outcome assessment, and rigorous control physiologic 

parameters (blood pressure, heart rate, respiratory rate, core temperature, brain temperature 

either using probes directly implanted in the brain or tympanic temperature as a proxy) for the 

duration of the procedure.  
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2.5.1 Preliminary acute study 

In a preliminary acute study, strokes will be induced in cynomolgus macaques using a 

craniectomy model of permanent MCAO with electrocoagulation. The primary outcome of this 

initial study will be the rate of stroke evolution as measured through perfusion/diffusion 

mismatch. The secondary outcome measure will be post-mortem histological quantification of 

amount of metabolically inactive tissue using TTC staining. Immediately after stroke induction, 

animals will be transferred to an MRI for perfusion and diffusion imaging. Animals will then be 

randomized to a treatment group, and hypothermia treatment or normothermic maintenance will 

begin an hour after ischemia onset. After treatment initiation, animals will be serially imaged 

once an hour for 6 hours, after which time, they will be sacrificed, and their brains collected and 

stained using TTC.  

Electrocoagulation of the MCA will ensure that there will not be a distortion on perfusion 

and diffusion images (such as from a non-ferromagnetic aneurysm clip). A permanent model of 

MCAO without reperfusion is selected for this initial study so that there is continuous stroke 

evolution, the rate of which can be measured across the 6-hour study duration. Lastly, a 6-hour 

termination point is selected due to ethical considerations, and previous studies have shown that 

with this model of permanent occlusion in cynomolgus macaques, stroke evolution is complete 

by this time point. We would recommend proceeding to the following proposed chronic recovery 

study only if hypothermia shows a decrease in the rate of stroke evolution in this initial acute 

study.  

2.5.2 Chronic recovery study 

In the chronic recovery study, animals will first undergo baseline behavioral assessment 

and neuroimaging (T1, T2, DWI, pCASL, rs-fMRI, DTI). Strokes will then be induced in these 
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animals using a craniectomy model of transient MCAO with a non-ferromagnetic aneurysm clip. 

Transient MCAO more closely mimics clinical conditions since permanent occlusion is rare 

given rtPA and rates of spontaneous recanalization. Animals will be randomized to a treatment 

group 60 minutes after stroke onset, and reperfusion will occur after 90 minutes of ischemia. 

They will undergo the same neuroimaging protocol as described above for the first 6 hours of 

treatment. After 6 hours, animals will be slowly rewarmed and recovered.  

Follow-up behavioral assessments will occur at 8 hours post-recovery, and daily 

thereafter. Follow-up neuroimaging will occur at 48 hours, one week, and one-month post-stroke 

of the same sequences as pre-stroke baseline for comparison. Animals will undergo their final 

behavioral and neuroimaging assessments at one month post-stroke, after which point, animals 

will be terminated, and their brains collected, fixed, and processed for H&E staining. A 

termination date of one month post-stroke is selected to determine whether treatment efficacy is 

persistent.  

2.5.3 Other considerations 

Even given proven efficacy of therapeutic hypothermia in a large animal model of 

ischemic stroke, there are a few additional considerations before a large clinical trial. 

Specifically, the pharmokinetic efficacy of compounds commonly prescribed to individuals at 

high risk of ischemic stroke (e.g. hypertension, diabetes) must be evaluated in conjunction with 

hypothermia to ensure no adverse effects, such as with the use of rodent models. Careful 

considerations of serious adverse effects observed in the above-proposed animal studies (if any) 

should also be addressed.  
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2.6 Conclusions 

There is ample evidence from small animal pre-clinical studies to support the use of 

therapeutic hypothermia in ischemic stroke; however, before a large scale randomized clinical 

trial in acute ischemic stroke patients, the efficacy of hypothermia induced through intra-nasal 

cooling must be verified in a large animal model of stroke. We propose the use of cynomolgus 

macaques with strokes induced through MCAO to assess the efficacy of said therapy as revealed 

through neuroimaging and neurobehavior assessments of sensory, motor, and cognitive deficits.  
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Chapter 3 

Ethical considerations of the use of nonhuman primates in scientific research 
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3.1 Introduction 

 Nonhuman primates (NHPs) have been extensively studied in the fields of psychology, 

ecology, conservational biology, and anthropology. They have also been widely used in 

laboratory research of microbiology, immunology, neuroscience, pharmacology, and toxicology, 

and collectively, these studies have contributed significantly to our understanding of medicine 

and physiology (Academy of Medical Sciences (Great Britain) & Weatherall, 2006; Carlsson et 

al., 2004). Indeed, the list of medical advances that critically relied on the use of NHPs is lengthy 

and includes, but is not limited to, elucidating the columnar organization of the visual system 

(Hubel & Wiesel, 1970), the development of deep-brain stimulation (Kringelbach et al., 2007), 

drugs for HIV/AIDS (Apetrei et al., 2012), and the polio vaccine (Holland et al., 1959). 

 NHP research in neuroscience has played a major role in our understanding of 

neurobiology and the causes, etiology, and potential treatments of human neurological disorders 

(Capitanio & Emborg, 2008). Additionally, these animals represent a crucial node in the therapy 

development pipeline before human clinical trials since results from pre-clinical efficacy and 

toxicology studies could be more indicative of drug effects in human patients than results from 

rodent studies (Fisher et al., 2009). An example of a recent noteworthy breakthrough that 

highlights the significance of NHPs in translational research is the discovery that focused 

ultrasound in Rhesus Macaques can safely and temporarily permeabilize the blood-brain barrier 

to allow entry of drugs into the brain (McDannold et al., 2012). This safety and efficacy study 

paved the way for clinical trials that used implanted ultrasound devices in conjunction with 

chemotherapy in patients with recurrent glioblastoma (Carpentier et al., 2016). 

 

 



 

96 

3.1.1 Similarities between humans and NHPs 

 Studies conducted in NHPs are especially valuable because of their similarities to humans 

that derive from our recent common ancestry. Indeed, several studies have demonstrated the 

potential for some primates to show “humanlike behavior”. For example, their abilities to build 

and use tools, solve new problems, and develop and pass on cultural behavior have all been 

documented (Eshchar et al., 2016; Goodall, 1964; Kawamura, 1959; Liu et al., 2016). The ability 

of some primates to recognize themselves in a mirror is interpreted as evidence of self-awareness 

(Gallup, 1970; Toda & Platt, 2015). Apes possess significant capacity for complex thought 

demonstrated by language studies that showed that chimpanzees and gorillas can be taught to use 

American sign language to communicate with investigators (Gardner & Gardner, 1969; 

Patterson, 1978). Gorillas undergoing psychometric testing with the Wechsler Intelligence scale 

for children had an intelligence quotient in the 85-95 range (Conversations With a Gorilla—

National Geographic’s 1978 Cover Story of Koko, 1978). They have notions of justice and 

fairness, strong familial bonds, and distinct individual personalities (Brosnan & De Waal, 2003; 

De Waal, 2008; Goodall, 1986; Yang et al., 2016). 

 While the human brain is not simply just a scaled-up version of an NHP brain, there are 

distinct similarities in organization, vascular physiology, cellular structure, and neural circuitry 

(Capitanio & Emborg, 2008). For example, the ventrolateral frontal cortex (vlFC) in humans is 

thought to mediate language functions and complex thought processes, and researchers found 

similarities in connections of the vlFC in humans and macaques (Neubert et al., 2014). It is 

precisely because of these similarities that scientists consider studies using NHPs necessary. In 

fact, our understanding of numerous important concepts in neuroscience is based on studies 

initially conducted in NHPs, for example, the neural basis of working memory and dopamine 
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based learning (Goldman-Rakic, 1995; Schultz, 2000). Indeed, their similarities to humans, 

complex cognitive capabilities, social complexity, and perhaps most importantly, brain 

organization and development have all been cited as crucial considerations for the use of NHPs 

over other animal models.  

3.1.2 Views on NHP use in biomedical research 

 A discussion of ethical use of NHPs in research is timely given recent legislation that 

would impose strict reporting requirements on researchers using NHPs (Lawmakers Push NIH to 

Reduce Nonhuman Primate Research, 2019). The scrutiny will likely keep agencies like the 

National Institutes of Health (NIH) at the center of debate about federally funded animal 

research. This comes just as the NIH is nearing completion of an effort to phase out all invasive 

chimpanzee studies and to transfer as many as possible to sanctuaries – a process that has proved 

to be much more difficult and expensive than originally anticipated. It is clear that animal rights 

advocates and the general public are galvanized by recent debates, and public opinion of NHP 

research is at an all-time low with more than 80% of Europeans and 52% of Americans reporting 

that they are opposed to the use of NHPs in research in opinion polls.  

 The prevailing consensus within the scientific community though, is that in the absence 

of appropriate alternatives, NHPs can be the best available animal model and their use remains 

essential in certain areas of biomedical research (Capitanio & Emborg, 2008; Carlsson et al., 

2004; Prescott, 2010). However, for the majority of those who oppose NHP use in research, it is 

NHPs’ close phylogenetic relationship to us that gives them pause; specifically, that given how 

similar they are to humans, perhaps these animals are capable of suffering in the same way that 

humans do. Furthermore, since NHPs cannot consent to the procedures that are being performed 

on them and rarely directly benefit from these procedures, that their use in research is unethical. 
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The ultimate moral quandary is whether or not we as human beings are justified in causing 

animals pain, distress, and sometimes death in research aimed at improving the treatment and 

understanding of human conditions. Moreover, in the specific situations in research when we are 

justified, how do we ensure ethical treatment of the animals being used?  

 

3.2 Current ethical framework and legal considerations for animal research 

3.2.1 Marshall Hall’s principles, utilitarianism, deontology, and moral stewardship  

 In 1835, Marshall Hall, an English physician, outlined a number of principles to govern 

animal experimentation (Hall, 1973). They stipulate that:  

1. An experiment should never be performed if the necessary information could be 

obtained by observations.  

2. No experiment should be performed without a clearly defined and obtainable objective. 

3. Scientists should be well informed about the work of their predecessors and peers to 

avoid repetition of experiments.  

4. Justifiable experiments should be carried out with the least possible infliction of 

suffering.  

5. Every experiment should be performed under circumstances that would provide the 

clearest results, thereby diminishing the need to repeat experiments.  

These ideas still guide ethical and scientifically sound research today.  

Presently, there is no unifying moral theory governing research ethics involving animals. 

In fact, ethical theories pertaining to animal research have lagged those of human research, partly 

because of the focus on human research ethics following the atrocities that were committed 
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under the guise of medical research during WWII and the Tuskegee syphilis experiments. Codes 

of conduct that were written in the aftermath of these events include the Nuremberg Code and 

the Belmont Report, and they guide ethical human research today. The fundamental principles 

regarding use of human subjects for research are based in deontology, and briefly are:  

1. Respect for autonomy by gaining informed consent.  

2. Beneficence based in the philosophy of doing no harm and maximizing benefits.  

3. Justice to ensure fair distribution of benefits and harms.  

A common criticism of NHP research is that the basic ethical considerations afforded to humans 

are largely absent when it comes to the use of animals. The Canadian Council on Animal Care 

(CCAC) stipulates that “animals must not be subjected to unnecessary pain or distress” and that 

“if pain or distress is a necessary concomitant to the study, it must be minimized both in intensity 

and duration” (Canadian Council on Animal Care, 1993). These stipulations incorporate aspects 

of non-maleficence in an effort to minimize harm; however, the principle of justice is entirely 

absent. Informed consent can be “acquired” in the cases where behavioral tasks involve 

voluntary enrolment, but for the most part, is also incredibly difficult to achieve.   

 Authors have recommended that NHPs be afforded the same considerations and 

protections as those afforded to humans in biomedical research (Carvalho et al., 2018; Nobis, 

2009). Unfortunately, given communication barriers and cognitive abilities to comprehend 

procedures, it is probably impossible to ever acquire true informed consent, as we understand it 

in human research. Moreover, the deontological concept of justice is in direct conflict with 

utilitarianism, which is the most common ethical framework surrounding dilemmas in animal 

research. Utilitarianism stipulates that the value of an action is determined by the utility of its 

consequences. In other words, the morally correct act is one whose consequences are outweighed 



 

100 

by some form of utility for the majority. As applied to NHP research, the interest of scientists to 

gain some benefit for mankind must be weighed against the harm and suffering brought upon 

NHPs (Carvalho et al., 2018; Quigley, 2007). As such, it is unlikely that concepts of ethics in 

human research will ever be successfully and fully applied to primate research.  

 In the face of the stalemate between utilitarianism and deontology, there is also the 

possibility of treating NHPs as if they were vulnerable human patients. In human research, 

vulnerable populations include pregnant women, fetuses, prisoners, and children; these are 

individuals who may not be able to advocate for and protect their own best interests. Indeed, 

there are several reasons that make NHPs vulnerable such as their lack of political power, that 

they are bought and sold like property, that when in captivity, they are in completely dependent 

relationships with their caretakers, and that they are unable to provide informed consent. When 

medical procedures involve vulnerable human populations, extra care if taken to ensure that there 

are those present who can advocate on their behalf. For example, with medical research 

involving children who cannot give informed consent, legal guardians or experts (e.g. a 

pediatrician) must consent on the child’s behalf. Similar criteria could be used for NHPs who 

cannot consent, such that decisions about the best course of action are made in consultation with 

experienced primatologists or veterinarians. This would still operate within the framework of 

utilitarianism, where justice in the context of deontology will probably never be fully satisfied. 

This “middle ground” approach critically requires that animal researchers act as moral 

stewards. Specifically, that to cause pain or death when it can be avoided is wrong, but with the 

recognition that the preservation of a greater whole is important, and this preservation can 

sometimes come at the expense of individual animals’ suffering, pain, and lives. In this context, 

animal experimentation is viewed as a “necessary evil”, which can be justifiable as long as those 
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who conduct the experiments do so in a responsible manner and are aware of their moral 

obligations both to the animals in their care and to society.  

3.2.2 Replacement, reduction, and refinement 

 In 1959, Russell and Burch wrote The Principles of Humane Experimental Technique, a 

guide that introduced the notion of the 3Rs (replacement, reduction, and refinement), which has 

become an important focus for animal welfare advocates and researchers. Replacement refers to 

the substitution of conscious living higher animals with insentient material. Reduction aims to 

decrease the number of animals used to obtain information of a given amount and precision. 

Lastly, refinement is making changes to scientific protocols and husbandry in an effort to 

minimize suffering and distress (Russell et al., 1959). 

 In addition to its recognized value as an ethical framework for humane animal 

experiments, the 3Rs principle has gained considerable scientific merit and support from the 

general public. As such, it is featured in most codes of conduct surrounding ethical use of 

animals in research in many countries. The CCAC requires investigators to consider and describe 

how they have implemented the 3Rs during the design of experiments that use animals 

(Canadian Council on Animal Care, 1993).  

3.2.3 Legislation related to experimental animals 

 In Canada, legislation with respect to experimental use of animals is under provincial 

jurisdiction. However, the federal government has the power to protect animals from cruelty, 

abuse, and neglect under the Criminal Code. The main way in which the federal government can 

exercise control over animal use in experiments is through stipulations placed on grants and 

funding from the tri-council agencies. In Ontario, institutions and research facilities must register 

and receive licenses for any animal work. A provision required during registration is the 
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establishment of an animal care committee (see below) and the submission of a report 

documenting the animals used in the institution. 

3.2.4 Animal Care Committees 

 Ethical considerations on the matter of NHP use in biomedical research depends on the 

precise circumstances of the study in question, for example, the purpose of the research, its 

anticipated benefits, the species used, the number of animals, and the level of harm caused to 

animals must all be taken into consideration. As such, committees responsible for scrutinizing 

the ethics of animal research proposals are made up of diverse perspectives. The Canadian 

Council of Animal Care (CCAC) “acts in the interest of the people of Canada to ensure that the 

use of animals in research, teaching, and testing employs optimal physical and psychological 

care according to acceptable scientific standards” (Canadian Council on Animal Care, 1993). 

The CCAC is a decentralized system in which responsibilities of care and ethical treatment of 

animals lies with individual institutions through animal care committees (ACCs). This central 

governing body provides guidelines and sets national standards of welfare, and through work 

with local ACCs, monitors compliance to these standards. These guidelines include 

recommendations about the physical facilities (including issues of climate control, noise, 

chemicals, bedding, and density and space limitations), animal care, social and behavioral 

considerations, animal acquisition, surgical procedures, anesthesia, and euthanasia.   

 ACCs are responsible for the care and use of animals in research, testing, and teaching at 

a specific institution. They review and approve all proposals to use animals, ensuring compliance 

with approved animal use protocols, standards of housing facilities and care, prevention of pain 

and distress, and training of all persons working with animals. Importantly, to ensure that the 

viewpoints of multiple stakeholders are taken into account, each ACC must have scientists, 
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experienced veterinarian(s), an institutional member whose normal activities do not involve 

animals, a minimum of one person representing the interests of the community who does not 

have any links to the institution, technical staff, students, and animal facility managers. The ACC 

maintains documentation regarding animal care and use at the institution and must provide the 

CCAC with annual reports.  

3.2.5 Animal use protocol review procedure 

 Before any experiments may begin, a thorough review of the proposed protocol must be 

completed by the institutional ACC. It is the duty of the ACC to determine whether or not animal 

users have sufficiently considered and addressed a number of issues related to ethical animal use. 

The scientist proposing the study must clearly spell out the potential benefits for people or 

animals that could arise from the study. There should be sufficient reasoning why there is no 

other way to obtain the information being sought in the study (such as with the use of models, 

simulations, or other insentient materials). A peer review for scientific merit must also be 

undertaken, and only proposals deemed scientifically sound may be approved. The scientist 

proposing the study or teaching use must indicate the specific steps taken to refine procedures 

and reduce or replace animals in the study. Careful thought and consideration must be taken to 

decide and justify the choice of animal species, model, and the number of animals being 

requested. In regard to this last consideration, power analyses should be conducted depending on 

the expected effect size and variation in the population to determine sample sizes. Step by step 

procedures must be spelled out and include information about training of the individuals who 

will be carrying out the procedure, signs of pain, stress, and distress, and the steps that will be 

taken to mitigate these negative outcomes, and a humane endpoint must be identified. Lastly, the 
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facilities must be deemed sufficient for housing the species and performing all procedures listed 

in the protocol.  

 

3.3 Ethical issues surrounding NHP use in research 

 Many of the issues associated with NHP use in biomedical research are the same as those 

raised by concerned individuals about the use of other animals. Specifically, that animals are 

exposed to painful or distressing procedures, housed in captivity which limits their freedom and 

may not fulfill species-specific needs thus giving rise to physical and mental distress, and that 

procedures involving these animals can end in death (Capitanio & Emborg, 2008; Carvalho et 

al., 2018; Nobis, 2009; Quigley, 2007). In addition to these concerns, there are several that are 

specific to NHPs. For example, NHPs typically have long lifespans, which raises the question 

about the amount of suffering compounded throughout the duration of their captivity during 

which time they may be subject to re-use in numerous studies. Most NHPs used in experiments 

are acquired overseas from Asia, Africa, or South America, and there are concerns about the 

length of and housing conditions during the journey (Prescott, 2010). 

 While it is difficult, and some would argue impossible, to determine the individual 

subjective experience of external stimuli of NHPs, the close evolutionary distance between 

humans and NHPs allows us to make approximations. As such, this leads some to believe that it 

is possible that NHPs experience pain and suffering in a manner similar to the way that humans 

experience these negative affects. Beyond just the perception of pain, there is also a possibility 

that these animals can anticipate and reflect upon pain and negative stimuli, all of which could 

lead to significant distress. It is important to note that our innate bias and close phylogenetic 

distance have influenced our recognition and interpretation of these cognitive abilities, but that 
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these animals could have the capacity to suffer in a manner similar to that of humans remains an 

important consideration.  

 Given that NHPs are non-domesticated wild animals best adapted for natural 

environments, housing these animals in cages could raise ethical concerns as to whether or not 

they can adapt to these artificial environments (Carlstead, 1996). As a result, careful attention 

should be paid to ensure the implementation of environmental enrichment, social housing that 

mimics natural social structures whenever possible, and regular introduction to novel objects that 

challenge animals both mentally and physically such as toys and puzzle feeders. Perhaps most 

challenging ethically is the knowledge that most NHP studies end with euthanasia, either because 

tissues are required for histology or on compassionate grounds to alleviate suffering. Without 

getting into the philosophical question about whether death involves suffering, the loss of an 

animal from a facility of highly social animals could cause stress or suffering in the others who 

have grown accustomed to the presence of a pen mate. In situations where euthanasia is not 

required, the option of allowing animals to live out the rest of their lives in a zoo or sanctuary 

should be considered. In fact, in the US, retirement of chimpanzees is a mandatory requirement 

of the Chimpanzee Health Improvement, Maintenance, and Protection Act.  

 

3.4 Using NHPs ethically in research 

 Given the level of concern surrounding NHP use in research, it is important that all 

experiments involving NHPs be thoroughly evaluated for scientific merit and ethical treatment of 

animals. This requires scrutiny of every proposed protocol for justification of the use of NHPs, 

the number of animals requested, the likelihood of success, and the importance of potential 

contributions to our knowledge that comes across every ACC.  
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 For the ethical use of NHPs in experiments, scientists must establish that their use for a 

specific experiment is absolutely necessary. This includes justification for why a scientific 

objective cannot be achieved without them and what alternatives have been considered before 

reaching this conclusion. While establishing scientific necessity, matters of achieving an 

objective (e.g. the potential benefit for human patients) should not be part of the consideration in 

this context. Most scientists appeal to the generic reasoning that NHPs greatly resemble humans, 

and for this reason should be used in experiments; however, for considerations of absolute 

necessity, there should be robust and specific reasons such as the presence and nature of 

anatomical structures, pathways, and cognitive abilities that exist in NHPs and humans, but not 

in other systems.  

3.4.1 Applying the 3Rs: replacement 

 Opportunities to replace NHPs in certain aspects of biomedical research are currently 

limited. However, technological advances such as the use of fMRI in human patients could help 

answer questions about neural activity in response to certain stimuli that previously could only 

been done using electrophysiological recording in NHPs. While there are limitations such as 

blood oxygen-level dependent signals being only an indirect measure of neural activity that 

changes with a number of physiological factors, deepening our understanding of how these 

factors relate to electrophysiological data (such as in NHPs) could help elucidate shortcomings 

of fMRI to improve the interpretability of human data in the future (Ekstrom, 2010; Goense et 

al., 2012; Logothetis, 2008; Logothetis et al., 2001; Yeşilyurt et al., 2010). Computer modeling 

has evolved rapidly and is expected to contribute significantly in the fields of robotics and 

machine learning in the future. Theoretical brain simulation approaches that depend on empirical 

data are built on a foundation of data acquired through invasive approaches but has potential to 
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replace live animals in experimentation one day. Currently, computer modeling and non-invasive 

imaging techniques provide data that is qualitatively different from invasive neurophysiological 

methods, and as such, is not a perfect replacement for the use of live animals; however, the 

potential of these technologies hold great promise, and advancements in non-invasive 

technologies should be regularly assessed.  

3.4.2 Applying the 3Rs: reduction 

 Appropriate and thoughtful experimental design is critical for the reduction of NHPs in 

current research. Statistical power analyses should be conducted to determine the number of 

animals required for a specific effect size. Data sharing and biobanking can also lead to a 

significant decrease in the number of animals used in research. For example, a data sharing 

collaboration between the National Centre for the Replacement Refinement and Reduction of 

Animals in Research (NC3Rs) and pharmaceutical companies worldwide has identified 

opportunities to halve the number of NHPs used in monoclonal antibody development (Chapman 

et al., 2009). Using animals for multiple studies throughout their lives is another way to reduce 

the total number of animals; however, this must be balanced against ethical considerations of 

cumulative and compounded distress incurred throughout the duration of captivity. In the same 

vein, it is possible that multiple complementary datasets be collected from the same animals 

during a specific study. For example, in stroke research, there are a number of scaled 

assessments to characterize motor, cognitive, and sensory deficits (Cook & Tymianski, 2012). 

Given that most of these assessments are based on observations, collecting as much data from as 

many scales as possible simply through careful observation of the animals is prudent and 

maximizes the utility of individual animals from a study.  
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3.4.3 Applying the 3Rs: refinement  

 Refinement of NHP use practices evolves as scientists develop a deeper understanding of 

NHP cognition, and as a result, the signs of suffering. Refinement can come in the form of 

improving experimental designs, habituation of animals to procedures through training such as 

with positive reinforcement techniques, and ensuring the competence of all those working with 

NHPs to recognize signs of distress. Specific experimental design strategies that qualify as 

refinement can include testing such that the presentation of mild stimuli comes before that of 

more noxious stimuli, setting humane endpoints, and withdrawal from a study when an endpoint 

is reached. The use of non-invasive techniques such as neuroimaging using MRI should also be 

implemented in studies when available. As such, animals may not need to be sacrificed if non-

invasive imaging techniques can fulfill target validation or outcome measures.  

 

3.5 Ethical considerations for NHP use in stroke research 

 As it pertains to my specific field of study, I would like to touch upon a few ethical 

considerations specific to NHP use for stroke research. NHPs are critical for testing the efficacy 

and safety of potential stroke therapies that have shown promise in rodent models before large-

scale clinical trials. Indeed, studies in NHPs found that three extremely promising therapies that 

were fast-tracked to human clinical trials were ineffective and in one case unsafe. NHPs remain 

critical in stroke research since some studies suggest that there are different mechanisms of 

injury following stroke between primates and rodents. For example, NHPs, like humans but 

unlike rodents, possess key modulators of the coagulation cascade (Hori et al., 1999; Shinozaki 

et al., 1992; Xu et al., 2000). 
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 In fact, the Stroke Therapy Academic Industry Roundtable (STAIR) recommends the use 

of a gyrencephalic nonhuman primate species in efficacy and safety testing before clinical trails. 

STAIR also outlines a number of other scientific considerations during preclinical studies to 

ensure and standardize study quality and interpretability of results in an effort to maximize the 

likelihood of success and minimize the number of animals required. These recommendations 

include sample size calculations, clearly defining inclusion and exclusion criteria, randomization 

to treatment groups, allocation concealment, blinded outcome assessments, and reporting 

potential conflicts of interest and study funding (Fisher et al., 2009). 

 Beyond implementing standardized recommendations when conducting experiments, 

there are ethical considerations related to the experience of a stroke. In the vast majority of cases, 

acutely, stroke is not a painful experience since the brain lacks pain receptors (Andersen et al., 

1995; Hansson, 2004). In fact, it is precisely this lack of pain that makes treatment so difficult, 

since most patients do not realize that they are having a stroke and wait to seek medical attention. 

Long-term deficits in stroke are detrimental, with some patients unable to care for themselves, 

speak, or move. Systematic studies that have focused on the subjective experience of stroke in 

patients support the claim that most of the suffering from the disease comes from the 

psychological reaction to the symptoms and loss of independence. Specifically, patients report an 

altered sense of self, new views on the limitations of their body, feelings that their body has 

“betrayed” them, and a loss of control (Burton, 2000; Doolittle, 1992; Eccles et al., 1999; Ellis-

Hill & Horn, 2000; Herrmann et al., 2000; Kvigne & Kirkevold, 2003; Röding et al., 2003). 

Therefore, the majority of suffering post-stroke is abstract and as a result of cognitive 

dissonance, and only to a lesser extent, a form of physical suffering.  
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As such, this raises the question of whether or not NHPs have the capacity to suffer in 

this way. Research suggests that chimps have very limited ability to attribute causality to unseen 

forces (Povinelli & Dunphy-Lelii, 2001). cannot distinguish intentional from unintentional 

actions (Povinelli et al., 1997), and likely lack the ability to search for reason or meaning behind 

events (Bering & Povinelli, 2003; Povinelli & Dunphy-Lelii, 2001). For example, in a previous 

study, experimenters taught chimpanzees to stand up blocks in order to receive a reward. On 

probe trials, a sham block that had a shifted weight distribution was introduced. Upon failure to 

properly stack the sham blocks, none of the chimpanzees engaged in visual or tactile 

examinations of these blocks (whereas 61% of children did), suggesting that they were not 

motivated to understand the reason behind failure (Povinelli & Dunphy-Lelii, 2001). These 

studies have led some scientists to conclude that there are several key abilities that humans 

possess, particularly in the realm of abstract thought, that chimps and monkeys likely lack 

(Bering & Povinelli, 2003).  

Common experimental methods of stroke induction such as craniotomy, endovascular, 

and transorbital approaches are also not thought to be associated with a significant amount of 

pain. For example, investigators have found that performing non-muscle splitting craniotomies 

and endovascular procedures does not lead to any severe degree of pain (Hamberg et al., 2002; 

Spetzler et al., 1980). In addition, ophthalmologic experience suggests that delayed postoperative 

pain after orbital exenteration only occurs when the muscle is not fully resected (Calenda et al., 

2000), and this is done in models of stroke that require enucleation of the eye (Del Zoppo et al., 

1986). Moreover, none of the surgical procedures such as the clamping of blood vessels is 

associated with any pain.  
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Based on our knowledge of the capacity of NHPs for abstract thought regarding issues of 

causality, it is unlikely that they suffer from the same psychological and emotional distress in 

response to stroke as humans do. Even so, we should not discount the possibility that their 

physical deficits post-stroke cause them to suffer in other ways. For example, they could feel 

distress at the feeling of being more vulnerable because of their slower gait, or frustration over 

being unable to manipulate objects (such as food) in their environment. While evidence to 

support these affects post-stroke is absent, it is important to document any signs of distress in 

hopes of further refining practices in the future.  

 

3.6 Conclusions 

It is unlikely that the general public will ever fully accept the use of NHPs, or even most 

animals, in research. Moreover, with new technologies and possibilities for scientific 

manipulations, these issues are more contentious than ever. Even so, it is important to recognize 

the monumental contributions that NHPs, and other animal models, have made and will continue 

to make to biomedical research and our understanding of human physiology and disease. It is the 

duty of scientists to act as moral stewards for the animals in their care, to ensure that their use is 

both scientifically and ethically sound, and to regularly assess the potential of new technologies, 

and to reduce, replace, and refine when possible.  
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Chapter 4 

Effect of personality and housing conditions on timeline and feasibility of 

nonhuman primate training 
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4.1 Introduction 

 The use of nonhuman primates (NHPs) in research has yielded significant contributions 

to scientific knowledge in numerous fields including psychology, anthropology, ecology, and 

neuroscience (Academy of Medical Sciences (Great Britain) & Weatherall, 2006; Carlsson et al., 

2004). Working with NHPs in laboratory settings allows for careful control of experimental 

design; however, such settings require additional considerations of animal welfare and trainer 

safety involved in the housing, transportation, and restraint of animals (Novak et al., 2013). 

Indeed, most NHP facilities have a colony where animals are housed as well as dedicated 

laboratory spaces for working with the animals. The protocols for the transfer of animals from 

home enclosures to labs differ across institutions, but generally consist of the use of some form 

of a restraint transport chair. The pole and collar technique is one commonly used transfer 

protocol and allows animals to be trained to tolerate a pole latching to their collars and careful 

guidance into a transport chair (Bonini, 2019). As such, this method is less stressful to animals 

than techniques requiring sedation, and it also maintains trainer safety when performed properly.  

Studies into animal welfare have found evidence to support the use of systematic 

desensitization instead of flooding (i.e., stepwise exposure instead of exposure to full aversive 

stimuli until habituation) in shaping NHP behavior. For example, after habituation induced by 

flooding, animals still had increased serum cortisol in response to chairing even though they 

appeared calm (Capitanio et al., 1998; Novak et al., 2013; Reinhardt et al., 1990; Ruys et al., 

2004). A process of systematic desensitization would instead slowly introduce animals to stimuli 

stepwise or encourage stepwise behaviors until animals eventually achieve the desired response. 

Relatedly, negative reinforcement training where a negative aversive stimulus such as a squeeze 

mechanism or force applied from a latched pole is removed once the animal performs a desired 

behavior has been replaced by positive reinforcement training methods where animals are 
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rewarded for favorable behaviors. Stepwise systematic desensitization in conjunction with 

positive reinforcement training teaches NHPs to cooperate voluntarily with husbandry, 

veterinary, or research procedures (Bloomsmith et al., 1998; Bloomsmith et al., 1994; Clay et al., 

2009; Coleman et al., 2008). Indeed, the combination of systematic desensitization and positive 

reinforcement therapy reduces stress (Clay et al., 2009), allows for greater flexibility in 

management (Bloomsmith et al., 1998; Bloomsmith et al., 1994), allows for the development of 

amicable relationships between trainers and animals (Laule & Desmond, 1998; Scott et al., 

2003), and reduces the need for anesthesia (Coleman et al., 2008; Schapiro et al., 2005).  

In addition to proper training procedures, animal welfare in research also critically 

depends on attending to individual animals’ behavioral needs. Indeed, comprehensive 

psychological wellbeing for animals includes socialization, enrichment, and positive interactions 

with trainers and other conspecifics, and these requirements may vary depending on species, sex, 

age, and even individual animals’ personalities (Buchanan-Smith et al., 2009; Coleman, 2012; 

Lutz & Novak, 2005). Certain personality clusters have been found to be associated with health 

outcomes in primates. For example, more social rhesus monkeys have higher immunological 

responses to immunization compared to less social animals (Capitanio et al., 1999). Moreover, 

highly reactive macaques have greater hypothalamic-pituitary-adrenal axis activation in response 

to stress compared to conspecifics who are less reactive (Suomi, 1991). Evaluation of personality 

traits including reactivity and dominance has been reported in consideration of group housing 

conditions. Boyce et al. 1998 evaluated the personality of a group of 36 rhesus macaques 

(Macaca mulatta) and classified animals as displaying high, moderate, or low behavioral 

inhibition and compared the rates of injury between these groups. The study reported that high 

inhibition animals suffered significantly more injuries than low inhibition animals in stressful 
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housing periods, but the opposite pattern during non-crowded housing conditions (Boyce et al., 

1998). Taken together, the findings from this study support the idea that animals with different 

personality clusters such as high or low inhibition or sociability may cope with stress differently.  

Though aspects of primate personality are considered in the context of group or pair 

housing situations, it is unclear whether primate personalities or traits influence the process 

training. For example, there are no studies investigating whether positive reinforcement training 

is universally effective for primates of all ages, sexes, or personalities. Moreover, it is likely that 

certain personalities traits such as curiosity and low anxiety may allow for the process of 

systematic desensitization to proceed faster; however, to our knowledge, there are no studies 

investigating the effect of personality clusters on the process of pole and collar and chair 

training. Here, we assessed the personalities of twenty adult male cynomolgus macaques and 

investigated the effect of personality traits on latency to habituation on training tasks required for 

pole and collar, guided entry into a transport chair, and upper limb manipulations.   

 

4.2 Methods 

4.2.1 Subjects 

 Twenty male cynomolgus macaques (Macaca fascicularis) were used for the described 

studies. Study procedures were approved by the Queen’s University Animal Care Committee and 

are in accordance with the guidelines of the Canadian Council on Animal Care. Animals were 

individually housed in vertically arranged home cages (Figure 4.1A) in a nonhuman primate 

colony on a 12:12hr light-dark cycle. They received a diet of Monkey Chow (Purina) with daily 

nuts, fresh fruits, and vegetables as dietary enrichment. Animals were provided water ad libitum. 

All animals were fitted with training collars (Figure 4.1B).  
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4.2.2 Training tasks 

 Animals were involved in a study that would require transport from their home cages to a 

primate laboratory down the hall where their arms would be strapped into two robotic 

exoskeletons which recorded joint position data as they performed visually guided reaching 

tasks. To facilitate transport, minimize risk to trainers, and maximize animal comfort, animals 

were clicker trained, hook and pole trained, trained to allow guidance out of their home cages 

into a commercially available chair (Figure 4.1C), to allow transport, and to allow trainer 

manipulations of their arms in order to guide their arms into the robotic exoskeletons. Prior to the 

onset of this study, animals were naïve and had never received any form of chair training.  

 Animals were first clicker trained, where trainers clicked their clickers and offered treats 

in an open palm to the animals in their home cages (Gillis et al., 2012; Schapiro et al., 2003). 

Training treats consisted of grapes, sweet potatoes, apples, and chocolate covered raisins. 

Animals had treat preferences, and as such, were trained with their preferred treat. The first 

training milestone for animals was to come and sit at the front of their home cages for treats 

when prompted. Trainers encouraged animals to come forward by using the verbal cue “come 

sit”, followed by gentle tapping on the front door of the home cage. When animals completed the 

desired behavior, trainers clicked their clickers, and offered the animals treats. During this initial 

acclimation phase, animals were also habituated to the squeeze back mechanism of their home 

cages. A separate cage panel with attached handles allowed for the back of the cage to be moved 

forward to encourage animals to move forward. Animals were slowly acclimated to the squeeze 

back by first receiving treats without the squeeze back, followed by a half squeeze, followed 

eventually by a full squeeze which left animals approximately 2 feet of space at the front of their 

cage to move around. Squeeze back acclimation was important to show animals that this part of 
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their cage did not represent a threat as this mechanism may need to be used if animals need to be 

taken out of their cage for procedures.  

 After animals became comfortable with coming forward to the front of their cages to sit 

for treats, trainers slowly introduced the hook and the pole (Figure 4.1B), which are intended to 

loop onto their collars. The hook was introduced first since it is smaller and allows for more 

flexible guidance of animals. Trainers began by first introducing the hook to the animals by 

covering it with peanut butter and allowing animals ample time to interact with the hook. After 

they became comfortable with the hook, trainers started introducing the verbal command “hook”, 

placed the hook to their necks, and using it to touch their collars. Eventually, trainers looped the 

hooks into their collars, held the hooks there for a few seconds, and released the animals, after 

which they clicked their clickers and rewarded the animals for staying calm. After animals 

became comfortable with the hook looping into their collars, the pole was slowly introduced. 

Similar to the hook, the pole was first introduced covered in peanut butter along with the verbal 

command “pole”. After animals became familiar with the pole, it was introduced to their collars. 

Trainers typically looped the pole onto the primate collars with one hand while holding the hook 

latched on the collar with the other; however, a few of the animals were comfortable with the 

pole directly looping onto their collars without the use of an intermediary hook. After the pole 

latched onto the collars, trainers waited a few seconds before releasing the animal and rewarding 

them.  

 After animals were acclimated to allowing the pole to attach to their collars, trainers 

slowly introduced the transport chair. The chair was first wheeled up to their cages while trainers 

worked with animals. When animals were comfortable with the presence of the chair and the 

pole latching their collars, trainers encouraged animals to leave their home cages to explore the 
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chair. Trainers covered the chairs with peanut butter and treats and rewarded animals when they 

approached the chairs. Once animals felt comfortable leaving their home cages, trainers guided 

them into the chairs with the poles attached. Animals’ collars were guided into a latch on the 

chair, and once animals were securely latched into the chair, the poles were released. Once 

animals were acclimated and felt comfortable sitting in the chairs, their arms and legs were 

closed into the transport chair with attached plexiglass attachments. Animals were rewarded for 

staying calm in the chair and during this time, trainers introduced commands such as “arm” and 

“leg” before touching the animals’ arms or legs, respectively.  

 Once animals were comfortable leaving their home cages to sit in the transport chairs, 

they were slowly introduced to being transported. Animals were transported between their home 

colony and the laboratory with a sheet covering their chairs to minimize stress and interactions 

with other primates. Once transported to the lab, animals were allowed ample time to look 

around and visually explore the new space. In the lab, they were introduced to the robotic 

exoskeleton, encouraged to interact with it, and encouraged to take treats off the robot. Animals 

were again given the command “arm” after which trainers slowly and gently manipulated their 

upper limbs and eventually placed them into the robotic exoskeleton. As such, the training 

milestones from naivety were 1. Coming forward and sitting, 2. Hook, 3. Pole, 4. Chair, and 5. 

Arms in robot. The process of training was stepwise, and each subsequent step depended on 

comfort with each of the previous steps. Animals that became stressed or had regressed were not 

pushed past their limits of comfort at any stage during training. Given that some animals did 

show regression with achieving training milestones, the date recorded for successfully achieving 

a milestone was the first day on which animals completed the behavior for at least two days in a 

row.  
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 For the above-mentioned training milestones, animals were trained once a day on 

weekdays with the exception of the first milestone of coming forward and sitting, on which they 

were trained twice daily (one AM session and one PM session). Trainers included two veterinary 

technicians, two research associates, and two graduate students.  
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Figure 4.1: Housing, training tools, and experimental setup for nonhuman primates. 
(A). Nonhuman primates (NHPs) were housed in vertically stacked cages. Each cage is equipped with 
sliding doors, toys, perches, and enrichment for the animals. Cages were also equipped with sliding bars 
that moved forward to encourage animals to approach trainers situated at the front of the cage. (B). Tools 
required for NHP training include a collar, hook, and training pole. Collars were fitted to animals to 
ensure that they would not slip off but were also not overly restrictive. Hooks were introduced as an 
intermediary step before poles to help maneuver animals to the correct position to allow for handling. 
Poles were used to guide animals out of their home cages and position them properly into the chair. (C). 
Animals were trained to allow the hook and pole to attach to their collars, after which they were guided 
out of their home cages into a chair. Their collars slide into a fixed latch on the chair to ensure that their 
heads remain fixed. Animals are seated comfortably in the chairs, which are also fitted with removable 
panels to enclose their limbs. (D). Two robotic exoskeletons (Kinarm) are attached to the chair (c) to form 
one structure which is placed in front of a screen to allow animals to complete visually guided reaching 
tasks.  
 

  

Image from 4.1C: What is bkn [Photograph]. Kinarm. https://kinarm.com/wp-content/uploads/2015/04/whatisbkn.png 
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4.2.3 Personality assessments 

 Personality assessments of the twenty NHPs were conducted using procedures from 

previously published studies (Weiss et al., 2011). Briefly, animals were rated and assessed on 54 

personality adjectives from the Hominoid Personality Questionnaire (Weiss, 2017). Lower scores 

represent little to no evidence of a specific trait, while higher scores represent large tendencies to 

display such behavior. Personality descriptors include adjectives such as fearful, submissive, 

timid, and cautious, and each adjective is associated with a brief description. For example, 

fearful is described as “subject reacts excessively to real or imagined threats by displaying 

behaviors such as screaming, grimacing, running away or other signs of anxiety or distress”. 

Personality scores were then used to calculate scores for specific personality clusters according 

to previously published principal component analysis scores (Table 4.1; Weiss et al., 2011). Six 

main principal components were extracted producing personality clusters of confidence, 

openness, dominance, friendliness, activity, and anxiety. Final scores for the six personality 

clusters were calculated from these weighted scores. Animals were divided into high versus low 

for each of the personality clusters based on the median score among the 20 NHPs. The 

categories of high versus low propensity for specific personalities was used for survival analyses, 

while the numerical personality cluster score was used for correlational analyses (see 4.2.4 

Statistical analysis) 

 Personality assessments were conducted by a trainer blind to the latency to achieve 

specific training milestones. The trainer had extensive experience working with NHPs and 

referred to detailed notes that were taken of all interactions with animals for scoring. 
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4.2.4 Statistical analysis 

 Animals were divided into high versus low groups for the six personality clusters based 

on the median score for each specific cluster among the population of NHPs in the current study. 

Survival analyses were used to analyze the effect of high versus low categorization of specific 

personality clusters on latency to achieve each of the training milestones. Latencies to achieve 

milestones were best fitted using a normal distribution. Group differences in latency were 

analyzed using a likelihood ratio test. Correlational analyses were used to determine whether 

there were relationships between personality scores and latency to achieve training milestones. 

Lastly, to determine whether housing condition (top versus bottom home cage) affected latencies 

to achieve milestones, ANOVAs were used with home cage position as an independent factor 

and latency to achieve milestones as the dependent factor.  

 Statistical analyses were performed with Matlab 2018b (Mathworks Inc, Natick, MA). 

For all tests, α was set to 0.05.   
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Table 4.1: PCA weights for descriptive adjectives on personality clusters 

  

Confidence Openness Dominance Friendlienss Activity Anxiety
Fearful -0.86 -0.13 -0.14 0.03 -0.08 0.21
Submissive -0.81 0.1 -0.28 -0.03 0.06 -0.06
Timid -0.73 -0.03 -0.07 -0.09 -0.17 0.13
Cautious -0.73 -0.22 -0.36 -0.21 -0.01 0.06
Stable 0.66 0.15 -0.17 0.25 -0.05 -0.43
Distractible -0.56 0.01 0.45 0.05 0.2 0.16
Disorganized -0.55 -0.14 0.41 0.02 0.04 0.05
Dependent/follower -0.54 0.1 -0.26 0.32 -0.37 0.24
Vulnerable -0.5 0.43 -0.35 -0.1 -0.06 0.39
Inquisitive 0.17 0.85 -0.06 0.14 0.14 0.09
Thoughtless -0.04 0.81 -0.02 -0.03 -0.22 0.12
Innovative 0.15 0.66 -0.09 -0.05 0.5 -0.06
Inventive 0.18 0.64 -0.17 -0.07 0.49 -0.05
Curious 0.1 0.64 0.13 0.42 0.22 0.05
Imitative -0.15 0.58 -0.31 0.02 -0.2 0.37
Impulsive -0.14 0.55 0.35 0.04 0.09 0.43
Bullying 0.18 -0.06 0.87 0.03 0.09 -0.01
Stingy/greedy 0.11 -0.15 0.84 0.02 -0.03 -0.07
Aggressive 0.09 0.18 0.83 0.01 0.12 0.12
Irritable 0.06 -0.28 0.78 -0.1 -0.17 0.22
Manipulative 0.01 -0.17 0.75 0.14 0.1 -0.23
Defiant -0.05 0.38 0.69 0.06 0.19 -0.09
Excitable -0.35 0.09 0.67 0.21 0.12 0.31
Reckless 0.2 0.33 0.61 0 0.22 0.37
Gentle -0.28 0.08 -0.6 0.4 -0.12 -0.44
Dominant 0.55 -0.23 0.57 0.2 -0.11 -0.14
Independent 0.37 0.05 0.51 -0.19 0.34 -0.22
Individualistic 0.19 -0.1 0.41 -0.09 0.32 -0.07
Helpful -0.08 -0.08 0.17 0.81 0.05 0.04
Friendly 0 0.24 -0.3 0.73 0.12 -0.26
Affectionate -0.05 0.12 -0.28 0.73 0.05 -0.12
Sociable 0.3 0.35 0.02 0.7 0.13 -0.04
Sensitive -0.34 0.13 -0.01 0.67 -0.14 0.14
Depressed -0.48 0.11 -0.13 -0.64 -0.31 -0.04
Protective 0.11 -0.21 0.27 0.63 0.13 -0.06
Solitary -0.42 -0.08 0.11 -0.58 -0.14 -0.26
Sympathetic -0.06 0.45 -0.42 0.55 -0.01 0.08
Intelligent 0.22 -0.17 0.3 0.5 0.06 -0.06
Persistent 0.4 0.04 0.36 0.5 -0.14 0
Decisive 0.39 -0.15 0.41 0.44 0.03 -0.2
Conventional -0.14 -0.24 -0.18 0.12 -0.75 0.03
Predictable 0.11 -0.1 -0.25 -0.06 -0.72 -0.23
Lazy 0.14 0.06 0.03 -0.3 -0.71 -0.17
Active 0.01 0.11 0.26 0.37 0.69 -0.05
Clumsy -0.33 0.36 0.18 -0.25 -0.52 -0.2
Playful -0.08 0.42 -0.01 0.42 0.48 0.11
Cool 0.4 -0.13 0.12 0.1 -0.23 -0.76
Quitting -0.05 0.13 0.02 -0.02 -0.03 0.66
Anxious -0.48 0.04 -0.17 -0.07 -0.01 0.63
Erratic 0.03 0.4 0.14 -0.1 0.38 0.59
Unemotional 0.22 0.16 -0.1 -0.18 -0.21 -0.45
Jealous -0.08 0.3 0.41 0.12 -0.27 0.44
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4.3 Results 

4.3.1 Effect of personality on latency to achieve training milestones 

 Overall, all animals were able to achieve all training milestones within 96 days of the 

start of training (Table 4.2). On average, it took animals 4.3 + 0.8 days to come to the front of 

their cage and sit for treats when prompted (range: 1-12 days). Animals accepted the hook to 

their collars by 22.7 + 1.0 (range: 18-29) days and the pole to their collars by 34.7 + 0.8 (range: 

30-41) days. They allowed trainers to comfortably guide them out of their home cages and sat in 

the transport chair by day 44.5 + 1.7 (range: 39-61). Lastly, they allowed their arms to be 

strapped into the robot by day 86.6 + 0.8 (range: 80-96; Figure 4.2).  

 The first personality cluster was confidence. This cluster was defined by negative 

loadings on adjectives such as fearful and disorganized. High scoring animals in this category 

are more confident in the presence of potential threats and stressors and were reported as more in 

control of their behavior. On the other hand, low scoring individuals were more vigilant, highly 

reactive to external stimuli, and exhibited poor internal control. Animals were categorized into 

high and low confidence based on the median value of the population. Survival analyses revealed 

that animals with high confidence were likely to come and sit for treats earlier than those with 

low confidence (χ21 = 5.39; p = 0.0203). However, high and low confidence animals showed 

similar latencies to allow the hook to latch their collars (χ21 = 0.01; p = 0.9126), to allow the pole 

to latch their collars (χ21 = 1.04; p = 0.3074), to allow guidance to the chair (χ21 = 0.42; p = 

0.5166), and to allow manipulations of their upper limbs in the robot (χ21 = 0.26; p=0.6133; 

Figure 4.2A).  

 The second personality cluster was openness and was associated with positive loadings 

on adjectives such as curious and impulsive. Researchers report that openness is also closely 
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associated with the human concept of neuroticism (Costa Jr & McCrae, 1992). High scoring 

animals tend to be explorers of their physical and social environment and more prone to 

impulsivity and forgetfulness. Low scoring individuals were less curious about their 

surroundings. Based on scores for openness in the population of NHPs studied, there were no 

differences between animals displaying high and low openness on latencies to come and sit (χ21 

= 0.10; p = 0.7532), to allow the hook (χ21 = 1.03; p = 0.3101) or pole (χ21 = 0.92; p = 0.3363) on 

their collars, to allow guidance into the chair (χ21 = 0.0; p = 0.9894), or to allow trainer 

manipulation of their upper limbs (χ21 = 0.12; p = 0.7293; Figure 4.2B). 

 The third identified personality cluster was dominance. Dominance was associated with 

positive loadings on adjectives such as bullying, dominant, reckless, and excitable. Animals that 

score highly in dominance have a higher standing in the social hierarchy compared to those that 

score lowly. Similar to openness, there were no differences between animals displaying high and 

low dominance on latencies to come and sit (χ21 = 1.37; p = 0.2422), to allow the hook (χ21 = 

0.44; p = 0.5057) or pole (χ21 = 0.05; p = 0.8147) on their collars, to allow guidance into the 

chair (χ21 = 0.00; p = 0.9962), or to allow trainer manipulation of their upper limbs in the robotic 

exoskeleton (χ21 = 0.87; p = 0.3496; Figure 4.2C).  

 The fourth personality cluster was friendliness, which consisted of positive loadings on 

adjectives such as sociable, helpful, and friendly. Relatedly, friendliness was associated with 

negative loadings on solitary. Animals with high scores in friendliness exhibited cooperative 

behavior and positive interactions with conspecifics and trainers. Those that scored low tended to 

be solitary, unresponsive to social interactions, and inattentive to the intentions of conspecifics. 

Animals that scored high in friendliness had significantly shorter latencies to come forward and 

sit for treats (χ21 = 9.64; p = 0.0019), and they tended to have shorter latencies for allowing the 
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pole to latch to their collars (χ21 = 3.80; p = 0.0511) and to allow guidance out of home cages 

into transport chairs (χ21 = 3.65; p = 0.0561). Animals with high and low friendliness did not 

significantly differ in their latencies to allow a hook to latch to their collar (χ21 = 0.60; p = 

0.4405) or to allow manipulations of their upper limbs in the robotic exoskeleton (χ21 = 0.59; p = 

0.4442; Figure 4.2D).  

 The fifth personality cluster identified is activity and split individuals based on whether 

they had high or low energy levels. Adjectives that loaded heavily on this cluster included lazy 

(negative loading) and active (positive loading). Animals that had high levels of activity were 

those that were playful and spontaneous, while those with low scores were inactive and 

predictable. Animals displaying high and low levels of activity did not significantly differ in 

their latencies to come and sit for treats (χ21 = 0.26; p = 0.6110), allow the hook (χ21 = 0.03; p = 

0.8709) or pole (χ21 = 0.66; p = 0.4173) to latch to their collars, allow guidance out of their cages 

into transport chairs (χ21 = 0.00; p = 0.9894), or allow manipulations of their arms in the 

exoskeleton (χ21 = 0.00; p = 0.9464; Figure 4.2E).  

 The last personality cluster identified was anxiety which was associated with positive 

loadings of adjectives that described high levels of anxiety or distress (anxious, erratic) and with 

negative loadings of adjectives associated with low levels of distress (cool). In contrast to 

confidence, which placed emphasis on responses to situational stress, anxiety is focused more on 

baseline levels of anxiety. High scoring individuals are generally tense and may display 

behaviors such as pacing or stereotypies, whereas low scoring individuals are more predictable 

and calmer. Animals that were highly anxious tended to have longer latencies to come and sit for 

treats when prompted than those with low anxiety (χ21 = 3.8; p = 0.0509). Animals with high and 

low anxiety did not show differences in their latencies to allow a hook (χ21 = 0.03; p = 0.8709) or 
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a pole (χ21 = 0.9; p = 0.3353) to latch to their collars, to allow guidance out of their home cages 

into the transport chair (χ21 = 0.31; p = 0.5764), or to allow manipulations of their upper limbs 

(χ21 = 0.05; p = 0.8207; Figure 4.2F).  
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Table 4.2: Housing conditions, personality descriptions, and latencies to achieve training 
milestones. 

  

Subject Location Personality Latency (days)
Confidence Openness Dominance Friendliness Activity Anxiety Sit for treats Hook to collar Pole to collar Move to chair Arms in robot

A Top high low low low low low 9 24 38 60 88
B Bottom low low high low low high 12 29 38 60 86
C Top high low low high high low 3 29 33 39 80
D Bottom low low high low low high 9 18 30 39 86
E Top low high high low high high 5 19 33 39 86
F Bottom high low low high low low 2 18 30 39 81
G Top high high high high high high 1 25 36 44 86
H Bottom low high high low high high 9 29 38 45 89
I Top low high low low high high 3 19 36 39 88
J Bottom low high high low high high 10 26 38 45 88
K Top high high high high high low 1 19 38 44 81
L Bottom high low low high low low 1 26 33 45 96
M Top high low high low low low 3 29 37 45 87
N Bottom high high high high high low 1 18 30 40 87
O Top low high low low high high 4 18 41 61 89
Q Top high low low high low low 1 18 30 39 87
R Bottom low high high high high high 2 22 32 44 87
S Top high low low high low low 1 26 33 39 87
T Bottom low high low high low high 5 19 36 39 87

Average (+ SEM) 4.3 + 0.8 22.7 + 1.0 34.7 + 0.8 44.5 + 1.7 86.6 + 0.8
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Figure 4.2: Latency for all NHPs to achieve training milestones. 

Training milestones include coming to the front of the cage and sitting when prompted (blue), allowing 
the hook to latch onto the collar (green), allowing the pole to latch onto the collar (yellow), leaving the 
home cage and sitting in the chair (orange), and lastly allowing both arms to be strapped into the Kinarm 
robotic exoskeleton (red).   
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Figure 4.3: Survival analyses on the effect of personalities on latencies to achieve training 
milestones. 
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Survival analyses of high versus low personality scores on latency to achieve training milestones. (A). 
High confidence animals (dark dots, lines, and bars) were more likely to come and sit when prompted 
earlier than those with low confidence (light dots, lines, and bars; p=0.0203); however, latency to achieve 
hook, pole, chair, and arms in robot did not differ between high and low confidence animals (p>0.3 for 
all). (B). Animals with high (dark) versus low (light) openness (B) and openness (C) did not significantly 
differ in their latencies to achieve come and sit, hook, pole, chair, or arms in robot (p>0.2 for all). (D). 
Animals who were more friendly showed significantly lower latencies to come and sit when prompted 
(p=0.0019) and tended to show lower latencies to allow the pole to latch their collars and to be guided to 
sit in chairs (p<0.10 for both). (E). NHPs that had high (dark) versus low (light) levels of activity showed 
similar latencies to achieve all training milestones (p>0.4 for all). (F). More anxious animals (dark) 
tended to have longer latencies to come and sit at the front of the cage when prompted compared to less 
anxious animals (light; p=0.0509). Animals with high and low levels of anxiety did not significantly 
differ in latency to achieve any of the other training milestones (p>0.3 for all comparisons). * denotes 
significance at p<0.05; # denotes p<0.10. Dots are individual NHPs. Lines and shaded bars are mean + 
SEM. 
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 To gain further insight into how variation in personality cluster scores were related to 

latencies to achieve training milestones, correlational analyses were conducted on each animals’ 

scores for each of the personality clusters against the time it took for said animal to achieve a 

training milestone. Related to the survival analyses reported above, animals with lower 

confidence personality scores took significantly more time to learn to come and sit at the front of 

their cages for treats (r = 0.56; p = 0.0133). Interestingly, though there was no difference 

between animals with high and low confidence on latency to allow the pole to latch to their 

collars, there was a trend towards a relationship between lower confidence and longer latencies (r 

= 0.40, p = 0.0924). There were no significant correlations between confidence scores and 

latency to allow the hook to latch to collars, to allow guidance into transport chairs, or to allow 

manipulations of upper limbs in the robot (r < 0.3; p > 0.2 for all; Figure 4.3A).  

 There were also relationships between friendliness personality scores and latencies to 

achieve training milestones. Specifically, lower friendliness scores were significantly related to 

longer latencies to come and sit (r = 0.69; p = 0.0012). Moreover, animals with lower 

friendliness scores tended to take longer to allow hooks to latch to their collars (r = 0.42; p = 

0.0695), to allow poles to latch to their collars (r = 0.44; p = 0.0660), and to allow guidance into 

transport chairs (r = 0.44; p = 0.0632). Though the relationship between friendliness scores and 

latency to allow manipulations of their arms in the Kinarm robot was not significant (r = 0.17; p 

= 0.4983), the line of best fit still shows a generally negative relationship for this training 

milestone as well (Figure 4.3D).  

 Levels of anxiety appeared to be positively related to training milestone latencies. 

Specifically, animals with higher anxiety were the ones that took longer to come and sit when 

prompted, and this relationship was significant (r = 0.5; p = 0.0283). Animals with higher 
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anxiety scores were also the ones to take longer to allow a pole to latch to their collars (r = 0.42; 

p = 0.0729). Moreover, though the relationships between anxiety scores and latency to allow a 

hook to latch their collars, to allow guidance into transport chairs, or to allow manipulations of 

their arms in robots were not significant, they all show a positive trend (Figure 4.3 F).  

 Similar to the results of the survival analyses, there were no significant relationships 

between openness, dominance, or activity personality levels and time to achieve any of the 

training milestones (Figure 4.3 B, C, E) 
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Figure 4.4: Correlational analyses on the effect of personalities on latencies to achieve training 
milestones. 
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Correlations of personality scores with latency in days to achieve training milestones of coming and 
sitting when prompted, allowing the hook to latch on collars, allowing the pole to latch onto collars, 
leaving the home cage and sitting in the transport chair, and holding both arms in the Kinarm robot. (A). 
Lower confidence scores are correlated with longer latencies to come and sit when prompted (p=0.0133) 
and to allow the pole to latch onto collars (p=0.0924). Openness (B) and dominance (C) were not related 
to latencies to achieve any training milestones. (D). High friendliness scores were related to lower 
latencies to come and sit when prompted (p = 0.0012), allow the hook to latch onto their collars (0.0695), 
allow the pole to latch onto their collars (0.0660), and allow guidance out of the home cage into the 
transport chair (0.0632). (E). Activity scores were not related to latencies to achieve any training 
milestones. (F). Anxiety is positively related to latencies; animals with high anxiety showed higher 
latencies to come and sit (p=0.0283) and allow a pole to latch onto their collars (p=0.0729). * denotes 
significance p < 0.05; # denotes significance p < 0.10. Dots are individual NHPs. Lines and shaded bars 
are mean + SEM.  
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4.3.2 Effect of housing location on latencies to achieve training milestones 

 It is possible that the housing location of specific animals may contribute to their 

latencies to achieve certain training milestones. For example, animals housed in the bottom home 

cage may be more at eye level with trainers during interactions, whereas the higher cages of 

animals housed in top home cages may affect interactions with trainers and make certain training 

tasks such as latching a hook onto their collars more difficult. Moreover, leaving a top home 

cage may pose a greater risk to animals than leaving a bottom home cage since animals in the 

bottom cage may be able to reach out and grab other conspecifics. As such, we wanted to 

investigate whether housing locations (i.e. top versus bottom home cages) had significant effects 

on the latencies to achieve the training milestones. Animals were housed in the same home cage 

throughout the period of the training described in this study. Overall, we found that there was no 

significant effect of housing location on latency to come forward and sit for treats (t1 = 1.59; p = 

0.1295), allow a hook to latch to their collars (t1 = 0.08; p = 0.9343), allow a pole to latch to their 

collars (t1 = -1.02; p = 0.3202), allow guidance out of home cages into chairs (t1 = -0.25; p = 

0.8027), or allow manipulations of upper limbs in the robotic exoskeleton (t1 = 0.97; p = 0.3445; 

Figure 4.5A-E).   
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Figure 4.5: Effect of housing location on latencies to achieve training milestones. 
Effect of housing in the top versus bottom cage position on latencies to achieve training milestones. 
Overall, there was no effect of cage position on latency to achieve any of the training milestones (A-E).  
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4.4 Discussion 

 Veterinary and husbandry techniques of working with NHPs in laboratory settings have 

undergone numerous iterations of refinement in the last few decades (Lutz & Novak, 2005; 

Schapiro et al., 2003, 2005; Scott et al., 2003). Studies of animal welfare support the use of 

systematic desensitization supported by positive reinforcement training to train animals to 

perform desired behaviors and voluntarily participate in research, husbandry, and veterinary 

procedures (Bloomsmith et al., 1998; Gillis et al., 2012; Laule & Desmond, 1998; Schapiro et al., 

2003). Though aspects of primate personality are considered prior to introduction to group or 

pair housing, little research has been conducted on whether certain aspects of primate 

personalities affect the uptake of training via systematic desensitization and positive 

reinforcement training. In our study, we assessed whether personality clusters affected the 

latency to achieve stepwise training milestones in twenty naïve cynomolgus macaques. We 

report animals that are confident, friendly, and display low anxiety had lower latencies to achieve 

training milestones compared to their less confident, less friendly, and more anxious 

counterparts. Moreover, we find a relationship between levels of confidence, friendliness, and 

anxiety and latency to achieve these training milestones. Specifically, more confident, more 

friendly, and less anxious animals had lower latencies to perform desired behaviors. Lastly, we 

report that housing location (i.e., top versus bottom home cage) did not have any significant 

effects on the latencies to achieve milestones.  

 Personality assessments in this study were conducted using trait ratings (Iwanicki & 

Lehmann, 2015; Weiss, 2017; Weiss et al., 2011). This method is particularly advantageous 

because it allows trainers to judge many behavioral descriptors at the same time. Moreover, 

given the nature of our training protocols involving numerous trainers each with copious written 

documentation of their encounters, trait rating can easily be conducted. The previously defined 
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adjectives also allow for consistency of evaluation across animals, days, and social or physical 

environments. A disadvantage of trait ratings is the somewhat subjective nature of the 

interpretation of previously published definitions of personality traits. However, it should be 

noted that the evaluator employed the same definition across all animals within this study. 

Another disadvantage is the inherent subjective nature of such evaluations. For example, trainers 

and evaluators may proceed with evaluations with particularly salient events such as fights in 

mind. Other methods of personality assessments that have been used in previous studies include 

behavioral coding, where evaluators count the number of times an animal displays a particular 

behavior. However, such methods are more informative for comparisons within an individual and 

make comparisons across individuals more difficult to interpret.  

 We report that the personality cluster of friendliness is most informative for predicting 

which animals may be particularly receptive to training and new experiences. Adjectives that 

load heavily and positively on this personality cluster include helpful, friendly, affectionate, 

sociable, and sympathetic. Animals that score high on friendliness are those that tend to accept 

new experiences, and as such, are perhaps more amenable to training with systematic 

desensitization where new stimuli are introduced stepwise toward a training goal. Other 

personality clusters important for predicting receptiveness to training are confidence and anxiety. 

The two personality clusters are related; however, they differ in that confidence refers to specific 

situational circumstances, while anxiety is meant to reflect baseline levels of anxiety (Weiss et 

al., 2011). In the context of being introduced to new stimuli during systematic desensitization, 

animals that are more confident are those that are less fearful, submissive, timid, and cautious. As 

such, these are the animals that displayed significantly lower latencies to approach trainers in 

initial contacts and were the first to come and sit for treats. Relatedly, animals with high baseline 
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levels of anxiety are those that are quitting and erratic, and as such were the ones that were less 

likely to sit still in front of the cage door for treats or to accept a novel object such as a pole or 

hook to latch to their collars.  

 Interestingly, we did not find an effect of housing location on latency to achieve any of 

the training milestones. Indeed, trainers were concerned that animals exiting a top home cage 

were at greater risk of being grabbed or swiped at by the animal in the bottom cage. Whereas 

animals exiting the bottom home cage stepped up to their restraint chairs, and as such, were not 

in potential reach of any other animal. In early training sessions, there was one incidence of the 

animal in the bottom home cage reaching out and grabbing the animal exiting the top home cage. 

Despite other animals in the colony seeing this incident, there was no significant difference in the 

latency of top versus bottom home cage animals to leave their home cages to enter the restraint 

chair.  

 Assessments of personality could allow trainers to identify animals that may be 

particularly receptive to training. Importantly, assessment of personality may also help identify 

specific individuals that may require more frequent training. We report that housing location had 

no effect on latency to achieve training milestones, and as such, does not need to be an important 

consideration for our population. Taken together, the results described above provide novel 

insight into the influence of personality on the latency of likelihood of success with training 

NHPs in a laboratory setting. 
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Chapter 5 

Robotic assessment of upper limb function in a nonhuman primate model of 

chronic stroke 

 

Chapter 5 has been published in its entirety in Translational Stroke Research and can be cited as: 

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

Background. Stroke is a leading cause of death and disability worldwide and survivors are 

frequently left with long-term disabilities that diminish their autonomy and result in the need for 

chronic care. There is an urgent need for the development of therapies that improve stroke 

recovery, as well as accurate and quantitative tools to measure function. Nonhuman primates 

closely resemble humans in neuroanatomy and upper limb function and may be crucial in 

randomized pre-clinical trials for testing the efficacy of stroke therapies. Objective/Methods. To 

test the feasibility of robotic assessment of motor function in a NHP model of stroke, two 

cynomolgus macaques were trained to perform a visually guided reaching task and were also 

assessed in a passive stretch task using the Kinarm robot. Strokes were then induced in these 

animals by transiently occluding the middle cerebral artery and their motor performance on the 

same tasks was assessed after recovery. Results. Relative to pre-stroke performance, post-stroke 

hand movements of the affected limb became slower and less accurate. Regression analyses 

revealed both recovered and compensatory movements to complete movements in different 

spatial directions. Lastly, we noted decreased range of motion in the elbow joint of the affected 

limb post-stroke associated with spasticity during passive stretch. Conclusions. Taken together, 

these studies highlight that sensorimotor deficits in reaching movements following stroke in 

cynomolgus macaques resemble those in human patients and validate the use of robotic 

assessment tools in a nonhuman primate model of stroke for identifying and characterizing such 

deficits.  

Keywords: Nonhuman primate, stroke, Kinarm, macaque, translational research 
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5.2 Introduction 

Stroke is a leading cause of death and disability worldwide, and chronic motor 

impairments in stroke survivors can diminish their quality of life (Benjamin et al., 2018; 

Langhorne et al., 2009). Though most patients show some degree of recovery following stroke, 

most continue to have activity restriction and require aid with activities of daily living (Dobkin, 

2005; Hodgson, 1998; Lai et al., 2002; Langhorne et al., 2009). While extensive research efforts 

have been focused on improving plasticity and recovery post-stroke as a means of restorative 

therapy, there are currently no standardized treatments approved for improving functional 

impairments following stroke (Boake et al., 2007; Murphy & Corbett, 2009). 

Rodent models are crucial for elucidating the pathophysiological processes of stroke; 

however, the fundamental anatomical, physiological, and metabolic differences between rodents 

and humans limit the successful translation of therapies (Carmichael, 2005; Cook & Tymianski, 

2012; Howells et al., 2010). As such, the use of nonhuman primate (NHP) models of stroke may 

be useful in bridging the translational gap before human clinical trials since strokes in NHP 

species more closely resemble those in humans, as compared to those in rodents (Courtine et al., 

2007; Fisher et al., 2009; Stroke Therapy Academic Industry Roundtable (STAIR), 1999). For 

example, the time course of cell death in the ischemic basal ganglia following transient middle 

cerebral artery occlusion (MCAO) in baboons is more similar to humans than rodents (Tagaya et 

al., 1997). Moreover, middle cerebral artery (MCA) strokes (Cook et al., 2012; Del Zoppo et al., 

1986; West et al., 2009) in NHPs create quantifiable behavioral deficits similar to those seen in 

humans (Cook et al., 2012; Cook & Tymianski, 2012). 

While current clinical assessments of stroke patients that measure impairments (such as 

the Chedoke-McMaster Stroke Assessment Scale and the Fugl-Meyer Assessment) or general 
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disability (such as the Modified Rankin Scale) are reliable (Banks, 2007; Gowland et al., 1993; 

Lyden et al., 1994; Sanford et al., 1993), they are also coarse, qualitative, and cannot identify 

deficits in specific aspects of motor control. Recently, robotics has emerged as an assessment 

tool that can provide novel insight into motor deficits following stroke (Scott & Dukelow, 2011; 

Semrau et al., 2013). Robotics can mimic tasks and movements that are commonly used in 

activities of daily living to potentially elucidate precise impairments in joints, muscles, or 

reflexes that prevent patients from completing certain movements (Balasubramanian et al., 2011; 

Colombo et al., 2009; Dovat et al., 2010). For example, a previous study found that a large 

proportion of individuals with stroke were impaired in a visually guided reaching task despite 

having normal Chedoke-McMaster Stroke Assessment scores (Coderre et al., 2010). Moreover, 

robotic assessments can be more sensitive than clinical assessments since sub-clinical sensory 

and motor impairments were observed in individuals with transient ischemic attacks in the days 

after the event (Simmatis et al., 2017). 

 The combination of the use of a nonhuman primate model of MCA stroke and robotic 

assessment of motor function could prove invaluable as a framework in which to test the efficacy 

of new stroke therapies aimed at improving motor performance and functional outcome. 

However, the feasibility of such a model and the degree to which sensorimotor deficits in NHPs, 

as revealed using robotic assessments, resemble those in humans remains largely unknown. 

Moreover, the degree to which proficiency in a task pre-stroke affects or predicts performance 

post-stroke is also largely unexplored. Here, we trained NHPs to perform a visually guided 

reaching task while the Kinarm robot bilaterally recorded the movements of the upper limbs and 

investigated the effects of a transient MCAO on numerous attributes of motor control.  
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5.3 Methods 

5.3.1 Subjects 

Two adult male cynomolgus macaques (Macaca fascicularis; age: 8.7+0.1years; weight: 

9.4+1.5kg) were used for studies following procedures approved by the Queen’s University 

Animal Care Committee and in accordance with the guidelines of the Canadian Council on 

Animal Care. Animals were individually housed in home cages with 6hrs daily access to a 

playpen on a 12:12hr light-dark cycle and received a diet of Monkey Chow (Purina) with nuts, 

fresh fruits, and vegetables as dietary enrichment. Since successful trials in motor tasks were 

rewarded with water, during training, water consumption was limited to 20mL/kg/day. Outside 

of training periods and during stroke recovery, animals were provided water ad libitum.  

5.3.2 Stroke model 

Strokes were induced by transiently occluding the right middle cerebral artery (MCA) for 

90 minutes as described in previous studies (Cook et al., 2012; Cook & Tymianski, 2012; 

Findlay et al., 1991). Briefly, animals were anesthetized with ketamine (2mg/kg) and 

dexmetatomadine (0.07mg/kg), they were then intubated and maintained on isoflurane (1.0-

2.5%; O2 flow 2L/min). A craniotomy was performed over the right frontotemporal region, 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 the orbitofrontal branch. Proximal 

placement of the clip allowed for some collateral circulation to the ischemic brain region 

resulting in an ischemic penumbra. After 90 minutes of ischemia, the aneurysm clip was 

removed to allow for reperfusion.  
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5.3.3 Behavioral tasks 

Behavioral assessments were completed using the Kinarm exoskeleton robot (Kinarm, 

Kingston, ON). The Kinarm consists of a four-bar linkage system and torque motors which 

allows for combined flexion and extension movements of the shoulder and elbow in a horizontal 

plane. The torque motors record the angular positions of the elbow and shoulder from which 

hand positions, joint velocities, and accelerations can be calculated. The exoskeleton can directly 

manipulate the shoulder and elbow joints either independently or simultaneously using separate 

torque motors to apply loads, which is used in the assessment of passive stretch in this study and 

cannot be done using motion tracking camera systems. The Kinarm also provides gravitational 

support, which has been shown to affect motor performance in chronic stroke patients in 

previous studies (see Discussion). A black opaque screen prevented monkeys from viewing their 

limbs, while a monitor was reflected onto their visual field to create a controlled virtual reality 

display (Figure 1a). Hand and elbow positions of both limbs were sampled at 1000Hz during task 

trials. Animals were first trained to sit calmly in a transport chair with their arms fixed in the 

Kinarm, they were first acclimated to having their upper limbs moved with the skeleton attached 

over the course of several months. Animals were then trained to perform a visually guided 

reaching task and were assessed in a passive stretch task.  

5.3.3.1 Visually guided reaching task 

 Pre-stroke data in the visually guided reaching task were collected over 19 days for both 

subjects (NHP1: 1520 trials; NHP2: 1520 trials) as baseline measurements of performance. We 

then induced strokes in both animals (see above), and following recovery, data were collected 

over 20 days (NHP1: 975 trials; NHP2: 841 trials) at 5 months post-stroke during which time 
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motor deficits were well defined (Duncan et al., 1992; Jørgensen et al., 1995; Kelly-Hayes et al., 

1989). 

 Animals were required to reach from a center target (radius = 1.3cm) towards one of 

eight uniformly distributed peripheral targets (radius = 1.3cm; 3cm from the center target to 

peripheral targets located at 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°; Figure 5.1a). The 

center target first illuminated alerting the NHP to move and hold his active hand over the central 

target for 300ms. Subsequently, one of the eight peripheral targets was illuminated to prompt the 

NHP to move his hand out to the peripheral target for 200ms, after which the trial was deemed 

successful. Animals were allowed 5000ms to complete each trial. Successful completion of all 

trials resulted in a total of 40 trials (5 per target) per arm each day. Only successful trials were 

analyzed since it was impossible to determine whether unsuccessful trials were due to inability, 

fatigue, or lack of motivation or attention.   

 All successful trials in the visually guided reaching task were analyzed from movement 

onset until the trial was deemed successful. Movement onset was determined with an algorithm 

that first identified when the hand exited and remained outside of the center target. The algorithm 

then moved back in time to find the first instance of a local minimum in hand speed that was 

below 10% of the maximum hand speed across all trials pre or post stroke for a specific hand and 

animal. This threshold was set to ensure that the algorithm was able to consistently identify 

movement onset, even in post-stroke movements. The parameters analyzed represent both the 

initial motor response and feedback corrections, reaction time, and overall movement metrics, 

and are the same as those outlined in previous studies (Figure 5.1c; Coderre et al., 2010; 

Mostafavi et al., 2014; Otaka et al., 2015): 
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1. Initial movement error: the angular deviation of the vector formed from the 

hand position at movement onset to the position of the first speed minimum 

from the straight line from hand position at movement onset to the center of the 

peripheral target (Figure 5.1b).  

2. Reaction time: time between illumination of the peripheral target and 

movement onset.  

3. Number of speed peaks: number of speed maxima.  

4. Movement time: total time elapsed during the trial.  

5. Hand path length: distance the hand traveled.  

6. Average hand speed: average movement speed during the trial.  

7. Elbow range: range (maximum – minimum) of angles occupied by the elbow 

during reaching movement.  

5.3.3.2 Kinetic assessment of passive stretch task 

 The kinetic assessment of passive stretch task was designed to mimic clinical assessments 

of spasticity such as the Modified Ashworth Scale and the Modified Tardieu Scale (Ansari et al., 

2008; Gregson et al., 1999) and involved the Kinarm moving the elbow between two joint angles 

by applying a load using torque motors (Figure 5.1d; Centen et al., 2017). Since animals did not 

need to be trained to perform the task, motivation did not affect performance. As such, data were 

collected over only four training days for NHP1 and NHP2 (NHP1: 134 trials; NHP2: 147 trials) 

pre-stroke to act as baseline measures of elbow spasticity. After recovery, animals were assessed 

in the task over two training days at 15 months post stroke (NHP1: 35 trials; NHP2: 36 trials).  

During the task, the robot moved the forearm to flex and extend the elbow while angular 

position was recorded. Physical constraints prevented the elbow from hyperextending, and the 
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passive stretch torque was limited to 13.2Nm. Each trial began when the shoulder of the active 

limb was fixed at 150° relative to the trunk, and the hand was brought to the start position (75° 

and 145° internal elbow angle for extension and flexion trials, respectively). The robot then 

moved the arm to bring the internal elbow angle to 145° and 75° degrees for extension and 

flexion trials, respectively, and held it in the final position for 1500ms. If animals actively 

resisted the movement, the robot’s position controller continued to produce torque for up to 

7000ms to try to reach the target angle. If the robot is unable to bring the arm to the target angle, 

the trial was terminated. The task consisted of two conditions, which involved the robot moving 

the arm from the start to final position over 1500ms (slow stretch) or 600ms (fast stretch) in 

accordance with previous studies (Centen et al., 2017; Simmatis et al., 2019). Five trials for fast 

and for slow stretch were completed for flexion and extension movements producing a total of 

20 trials per arm on each working day.  

 Absolute peak velocity (maximum elbow angular velocity during flexion and extension 

movements calculated in degrees per second; Figure 5.1e) during the movement was calculated 

from elbow angular position.  
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Figure 5.1: Experimental setup and movement parameters measured for the visually guided 
reaching and kinetic assessment of passive stretch tasks.  
(a). Nonhuman primates (NHPs) are seated with two Kinesiological Instrument for Normal and Altered 
Reaching movements (Kinarm) exoskeleton robots attached to the upper limbs to bilaterally record and 
influence hand, elbow, and shoulder positions on a horizontal plane. A black opaque screen prevented animals 
from viewing their limbs, while a monitor was reflected onto their visual field to create a controlled virtual 
reality display with the active hand visualized as a white circle on the screen. The visually guided reaching task 
required animals to move their hands from a center target to one of eight uniformly distributed peripheral 
targets when cued by the illumination of the peripheral target. (b). Initial movement angle error was extracted 
from each trial and defined as the angular deviation of the vector formed from the hand position at movement 
onset to the position of the first speed minimum (dashed arrow) from the straight line from the hand position at 
movement onset to the center of the peripheral target (dashed line) represented by θ. Total path length (blue 
line) in meters was also calculated for each movement. (c). Hand speed in m/s for movement of the hand from 
the center target to a peripheral target. Dotted lines represent key events during the trial: the black dashed line 
represents the time when the peripheral target is illuminated, the green dashed line movement onset, and the 
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red dashed line the end of the trial. Movement parameters extracted include reaction time (duration between 
illumination of the peripheral target and movement onset), movement time (duration from movement onset to 
the end of the trial), the number of speed maxima, and average hand speed. (d). NHPs are seated with two 
Kinarm robots attached to the upper limbs during the kinetic assessment of passive stretch task. The Kinarm 
locks the active shoulder at 150 degrees and moves the forearm in flexion and extension movements to bring 
the internal angle of the elbow to 75 and 145 degrees, respectively over 600ms (fast stretch) or 1500ms (slow 
stretch). (e). Elbow velocity over time in degrees/second during an extension movement over 600ms produced 
by applying 13.2Nm of torque at the elbow. The peak velocity is the maximum speed with which the Kinarm 
is able to rotate the elbow.  
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5.3.4 Statistical analyses 

 All analyses of movement parameters were performed using scripts written in Matlab 

2018b (Mathworks Inc, Natick, MA). Time-series hand position and joint angle data were 

filtered using a sixth-order double-pass Butterworth lowpass filter with a cut-off frequency of 

10Hz. Animal performance on all movement parameters in the visually guided reaching task was 

characterized by the median value across all trials for specific targets, arms, and time points (pre 

vs post-stroke). Variables were first assessed for normality using the Shapiro-Wilks test. Those 

that deviated from normality were transformed using cube (x3; average hand speed), cube-root 

(x1/3; initial movement error), or reciprocal square transformations (-1/x2; movement time and 

reaction time) to normalize the data.  These transformed values and raw values of normally 

distributed parameters were then used as dependent variables in linear mixed effects models 

(lmm) that included hand (left vs right), time (pre vs post-stroke), and their interaction as main 

effects, and target nested within NHP ID as a random variable to account for clustering.  

The discrete variable of number of speed maxima was analyzed using a generalized linear 

mixed effects model (glmm; glmer functions in the lme4 package; Bates et al., 2014) fitted by 

maximum likelihood using the Laplace approximation. The model included the same main and 

random effects as described above with the outcome fitted with a Poisson distribution and the 

identity linking function (Wedel et al., 2003). The significance of the main effects was assessed 

using Wald Z test, and post-hoc comparisons for glmms and lmms were conducted using Tukeys 

HSD with the Holm adjustment for multiple comparisons (multcomp package; Hothorn et al., 

2008).  

To investigate the relationship of performance during reaches to specific targets before 

and after stroke and further characterize motor deficits, linear (for continuous variables) and 
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logistic (for discrete variables) regressions between measures of performance pre and post-stroke 

were conducted for each hand.  

The outcome measure in the passive stretch task was peak velocity during movement for 

specific conditions (fast vs slow stretch), movement (flexion vs extension), arms, and time points 

(pre- vs post-stroke). To assess the significance of changes, the difference in peak velocity from 

pre to post-stroke was calculated. Distributions of differences in peak velocity for the left and 

right arms in flexion and extension movements were then compared to zero using a t-test. Apart 

from the generalized linear mixed effects models (performed using RStudio), all statistical 

analyses were conducted using JMP (Version 11.2. SAS Institute Inc., Cary, NC).  

 

5.4 Results 

5.4.1 Animals make slower, less accurate movements, and require more corrective movements to 

complete tasks with their affected limbs following stroke 

Pre-stroke, both NHPs displayed controlled reaches to each of the peripheral targets in 

the visually guided reaching task that consisted of smooth hand trajectories with few corrective 

movements. However, post-stroke, there were significant changes in hand movements and motor 

performance of the affected (left) limb. These contralesional deficits are especially evident in 

NHP 2 who had the more severe stroke (Figure 5.2a-f).  
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Figure 5.2: Anatomical lesions and motor performance in the visually guided reaching task pre- 
and post-stroke. 

Structural T1-weighted MRI images at 6 months post-stroke showing lesions from transient middle 
cerebral artery occlusion in two NHPs (a, b) and their motor performance pre and post-stroke on the 
visually guided reaching task with their left (affected) limbs (c-f). Pre-stroke, movements to all peripheral 
targets consist of smooth hand movements with few corrective movements; however, post-stroke, animals 
make more corrective movements during slower reaches. Deficits in motor performance in the reaching 
task are especially evident in NHP2 (b, d, f), who had the more severe stroke.  
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Deficits in motor performance were first characterized by analyzing overall movement 

metrics including movement time, average hand speed, and path length. Overall, animals took 

significantly longer to complete trials with their affected limb post-stroke. Specifically, animals 

took 1.717+0.201 seconds to complete trials post-stroke with their left hand, which was 

significantly longer than the 0.565+0.022 seconds required pre-stroke (F1,45=138.592, p<0.0001). 

Affected limb movement time was also greater than pre- and post-stroke movement time in the 

unaffected limb (0.613+0.021 and 0.669+0.026, respectively; F1,45=73.077, p<0.0001; p<0.0001 

for all post-hoc comparisons; Figure 5.3a). Relatedly, animals moved their left hands 

0.020+0.001m/s post-stroke, which was significantly slower than the left hand pre-stroke 

(0.071+0.003m/s) and than the right hand at both time points (pre: 0.068+0.002m/s, post: 

0.069+0.001m/s; F1,45=54.511, p<0.0001; p<0.0001 for all post-hoc comparisons; Figure 5.3b). 

Lastly, while hand path did not significantly differ between the two limbs pre-stroke (left: 

0.126+0.013m, right: 0.120+0.012m; p=0.849), the path became significantly shorter post-stroke 

for the affected arm (0.096+0.011m; p=0.0006) and significantly longer for the unaffected arm 

(0.145+0.014m; p=0.0044; F1,45=30.609, p<0.0001; Figure 5.3c).  

Animals also showed changes in their abilities to respond to a visual stimulus since they 

took significantly more time to initiate movement with their affected limb post-stroke following 

the illumination of a peripheral target (F1,45=55.533, p<0.0001). On average, while animals 

initiated movement within 0.197+0.010 seconds of peripheral target illumination with their left 

hand pre-stroke, 0.894+0.146 seconds elapsed before movement initiation in the affected hand 

post-stroke, and this time was significantly longer than those of the right hand both pre and post-

stroke (pre: 0.198+0.006s, post: 0.210+0.006s; p<0.0001 for all post-hoc comparisons; Figure 

5.3d).  
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To characterize initial movement and corrective feedback control, initial movement 

direction error and the number of speed maxima were analyzed, respectively. Animals made 

significantly larger initial movement errors post-stroke with their affected hand, while 

performance in the unaffected hand stayed the same (F1,45=11.753, p=0.0013). Specifically, 

animals made 16.6+1.6° errors with their left hand pre-stroke, and 33.5+4.3° errors post-stroke 

(p<0.0001), and this error post-stroke was significantly larger than those of the right hand at both 

time points (pre: 22.6+2.8°, post: 21.9+1.7°; p<0.03 for both; Figure 5.3e). Animals also made 

significantly more corrective movements post-stroke with their affected limb (Z=4.581, 

p<0.0001). Specifically, animals made 9.5+1.3 corrective movements with their left arm post-

stroke, which was significantly greater than the number made by the left arm pre-stroke 

(2.1+0.2) and those by the right arm at both time points (pre: 2.1+0.1, post: 2.3+0.1; p<0.0001 

for all; Figure 5.3f).  
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Figure 5.3: Measurement of motor performance analyzed from the visually guided reaching task. 

(a). Movement time is the time elapsed between movement onset and the end of the trial. NHPs took 
significantly longer to successfully complete trials post-stroke with their affected (left) limb than pre-
stroke, while movement time did not change for the unaffected limb. (b). Average hand speed was 
significantly lower for the affected hand post-stroke as compared to pre-stroke, and average hand speed 
did not change for the unaffected hand. (c). While path length to complete tasks did not significantly 
differ between the two limbs pre-stroke, they became significantly shorter for the affected limb and 
significantly longer for the right hand. (d). Reaction time was the time elapsed from the illumination of 
the peripheral target to movement onset. Overall, animals were significantly slower to respond to the 
illumination of the peripheral target post-stroke when making movements with their affected hand, while 
reaction time did not change for the right hand. (e). Initial movements (from movement onset to first 
speed minimum) showed greater angular deviation from the straight vector connecting the centers of the 
center and peripheral target in the left hand post-stroke than pre-stroke, while the initial movement angle 
error did not significantly differ for the right hand pre and post-stroke. (f). The number of corrective 
movements was characterized by the number of speed maxima in the hand path during the movement 
from the center to the peripheral target. NHPs made significantly more corrective movements with their 
left hand post-stroke than pre-stroke, while the number of corrective movements did not change for the 
right hand pre versus post-stroke. * p<0.05 for A-F. Triangles ( ) represent NHP1, and squares ( ) 
represent NHP2. Bars and error bars are mean + SEM.  
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5.4.2 Aspects of motor performance pre-stroke are related to motor performance post-stroke 

 To elucidate the relationship between pre and post-stroke motor performance 

measurements and to characterize the changes in motor patterns during reaches, regression 

analyses were conducted for all movement parameters. In the affected limb, pre-stroke 

performance was not significantly related to post-stroke performance for movement time 

(R2=0.011; p=0.7023; Figure 5.4a), average hand speed (R2=0.113; p=0.2030; Figure 5.4b), 

reaction time (R2=0.048; p=0.4160; Figure 5.4d), or number of speed maxima (R2=0.025; 

p=0.4644; Figure 5.4e). However, performance of the affected limb pre-stroke was significantly 

and positively related to performance post-stroke for path length (R2=0.628; p=0.0003; Figure 

5.4c) and initial movement error (R2=0.333; p=0.0193; Figure 5.4e). Moreover, pre-stroke hand 

speed tended to affect post-stroke hand speed differently for NHPs 1 and 2 (F1,1=2.882, 

p=0.1153); specifically, NHP1 hand speeds post-stroke were more similar to pre-stroke hand 

speed (slope+SEM=0.734+0.408) than those of NHP2 (slope+SEM=0.167+0.061). Similarly, the 

number of speed maxima pre-stroke affected performance post-stroke differently for NHP1 and 

NHP2 (X1,3=4.557, p=0.0328) since there was a greater increase in the number of corrective 

movements for NHP2 than for NHP1 post-stroke as compared to pre-stroke.  

 Regression analyses for the unaffected limb revealed that average hand speed was the 

only parameter where pre-stroke performance was not significantly related to post-stroke 

performance (R2=0.005; p=0.7973; Figure 5.4b). Specifically, pre-stroke performance was 

significantly and positively related to post-stroke performance in the unaffected limb for 

movement time (R2=0.433; p=0.0056; Figure 5.4a), path length (R2=0.943; p<0.0001; Figure 

5.4c), reaction time (R2=0.276; p=0.0367; Figure 5.4d), and initial movement error (R2=0.464; 

p=0.0036; Figure 5.4e), and tended to be positively related to post-stroke performance for the 
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number of speed maxima (R2=0.293; p=0.0542; Figure 5.4f). Lastly, pre-stroke performance did 

not differentially affect post-stroke performance across the two animals for any of the movement 

parameters.   
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Figure 5.4: Correlations between pre-stroke and post-stroke performance measures in the visually 
guided reaching task. 

(a). In the affected left limb, pre-stroke movement time was not related post-stroke performance, but were 
related for the unaffected right limb. (b). Overall, pre-stroke average hand speed was not related to post-
stroke hand speed in the affected limb; however, pre-stroke performance differentially affected post-
stroke performance for the two animals. Post-stroke performance for NHP1 ( ) was more similar than 
NHP2 ( ) to their respective pre-stroke performances. Post-stroke performance was significantly related 
to pre-stroke performance in the unaffected limb. (c). Pre-stroke hand paths were significantly related to 
post-stroke hand paths for both limbs. (d). Pre-stroke reaction time was not significantly related to post-
stroke reaction time in the affected limb, but significantly related in the unaffected limb). (e). Pre-stroke 
initial movement errors were significantly related to post-stroke errors for both limbs. (f). In the affected 
limb, there was no significant effect of pre-stroke number of speed maxima on post-stroke measures. 
However, pre-stroke values differentially affected post-stroke performance for the two animals; there 
were greater increases in the number of speed maxima for NHP2 than for NHP1 relative to their 
respective baseline performances. Pre-stroke performance was significantly related to post-stroke 
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performance in the unaffected limb. Points are jittered about the x-axis for the left hand, and about the x 
and y-axes for the right hand for visualization. Significance was evaluated at p<0.05 for A-F. Triangles (

) represent NHP1, and squares ( ) represent NHP2.  
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5.4.3 Animals show decreased range of motion at the elbow joint of their affected limb associated 

with spasticity 

 The Kinarm also revealed deficits in the range of motion of the elbow joint of the 

affected limb during visually guided reaching movements. The affected elbows of animals 

occupied 7.6+1.0° during movements post-stroke, and this range was significantly smaller than 

that of the left limb pre-stroke (13.3+1.5°), and of the right limb at both time points (pre: 

15.2+1.4°, post: 15.7+1.4°; F1,45=7.194, p=0.0102; p<0.006 for all post-hoc comparisons; Figure 

5.5a). Regression analyses revealed that pre-stroke elbow range significantly and positively 

affected post-stroke elbow range for both the left (R2=0.590; p=0.0111) and right limbs 

(R2=0.823; p<0.0001; Figure 5.5b), and pre-stroke performance did not differentially affect post-

stroke elbow range for the two NHPs in either limb.  

 Given that elbow spasticity could contribute to the decreased range of motion in the 

affected limb, animals were also assessed in a passive stretch task (Figure 5.6a, b). Pre-stroke, 

the Kinarm was able to move the left elbow 1.7+0.003 and 4.2+0.1 degrees/sec in slow and fast 

stretch extension movements and 1.6+0.001 and 4.0+0.01 degrees/sec in slow and fast stretch 

flexion movements; however, peak angular velocities achieved by the elbow were significantly 

lower post-stroke in both extension (slow: 1.6+0.004, fast: 4.0+0.01 degrees/sec; t19=-5.062; 

p<0.0001) and flexion (slow: 1.5+0.01, fast: 3.8+0.04 degrees/sec; t19=-7.498; p<0.0001) 

movements. Peak velocity did not significantly differ for flexion (t14=-0.705; p=0.4924) and 

extension movements (t15=-0.954; p=0.3550) for the unaffected arm (Figure 5.6c).  
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Figure 5.5: Animals showed deficits in movements of the elbow joint during the visually guided 
reaching task. 
(a). Animals’ elbows showed significantly decreased ranges of motion during reaching movements in the 
affected limb as compared to pre-stroke. While the unaffected limb’s range of motion did not change pre 
and post stroke. (b). Relationship between pre-stroke and post-stroke elbow range during movements to 
specific targets. Pre-stroke elbow range was significantly related to post-stroke range for both the left and 
right limbs  * p<0.05 for all. Triangles ( ) represent NHP 1, and squares ( ) represent NHP 2 for B. 
Bars/bolded points and error bars are mean + SEM.  
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Figure 5.6: Kinetic assessment of passive stretch revealed that decreases in range of motion could 
be attributed to spasticity. 

(a, b). Elbow velocity profiles for fast (f) and slow (s) stretches during flexion and extension movements 
for NHP1 (A) and NHP2 (B). Insets show adjusted y-axes with fast stretch (black solid and dashed lines) 
corresponding to the left y-axis and slow stretch (red solid and dashed lines) corresponding to the right y-
axis. (c). The peak velocity with which the Kinarm robot was able to move the affected limb about the 
elbow in extension and flexion movements significantly decreased post-stroke. Data are separated by fast 
(f) and slow (s) stretch conditions. The peak velocity for the right elbow during extension and flexion 
movements did not significantly change relative to baseline. * p<0.05, denotes significant difference from 
0. Triangles ( ) represent NHP1, and squares ( ) represent NHP2.  
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5.5 Discussion 

 The use of a NHP model of MCA stroke with behavioral outcomes measured using 

robotic technology could provide a useful framework in which to test the efficacy of new stroke 

therapies and reveal neural mechanisms underlying impairments; however, the feasibility of such 

a model with deficits assessed through robotic tools remains largely unknown. Here, we 

demonstrate that transient MCAO in the cynomolgus macaque produces motor deficits in initial 

and corrective feedback control, reaction time, and overall movement metrics in a visually 

guided reaching task, which are similar to those seen in human stroke patients. 

 Similar to the results of previous studies that have used the Kinarm to compare motor 

function of the affected versus unaffected limbs of human chronic stroke patients, we noted 

significant deficits in all aspects of motor performance in the affected limb during visually 

guided reaching (Otaka et al., 2015). Compared to pre-stroke baseline, we identified motor 

deficits similar to those observed in previous studies of sub-acute stroke patients versus normal 

controls [24]. For example, in our model of stroke, NHPs had significant deficits in initial 

movement error of the affected limb. Similarly, in patients, initial movement error was 

significantly different than healthy controls  in 81% of left-affected stroke patients (Coderre et 

al., 2010). Other robotic technologies used in limb function rehabilitation after injury have been 

shown to improve power and range of motion of subacute and chronic stroke patients’ upper 

limbs (Coote et al., 2008; Hesse et al., 2003, 2005; Staubli et al., 2009). That these technologies 

are sensitive enough to detect subtle kinematic changes in movements that correlated with 

clinical outcomes highlights the exciting possibility of using robotic technologies in assessment 

and rehabilitation of limb impairments following stroke.  
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 In contrast to previous studies using the Kinarm that reported an increase in path length 

of movements made with the affected limb (Coderre et al., 2010; Otaka et al., 2015), we note a 

significant decrease in path length post-stroke. Such a contradictory finding could be attributed 

to inherent differences in task design between the visually guided reaching task used for human 

patients and the one used in this study for NHPs. Specifically, the task used in the current study 

involves movement over a smaller area in space; while there was 10cm separating the middle of 

the center and peripheral targets when human patients performed this task, there was only 3cm 

distance for NHPs in this current study. Moreover, for training considerations, targets used in 

this study with NHPs were also larger than those used in human studies (1.3cm versus 1.0cm 

radius). Indeed, target size could contribute to the decrease in path length since we find that 

animals move their affected hands over a significantly shorter distance upon entering the 

peripheral target post-stroke as compared to pre-stroke (pre: 0.015+0.001m, post: 0.005+0.001m; 

p<0.0001; Figure 5.2c, d). However, even given this caveat, the current task design is still 

sensitive enough to identify and characterize motor deficits in other movement parameters, and 

the effect of path length could be mitigated with the use of smaller targets. 

 The movement metrics analyzed in our study are not completely independent. For 

example, there is a positive relationship between movement speed and initial movement error 

which has been previously described extensively in literature (Chittka et al., 2009; Heitz, 2014; 

Heitz & Schall, 2012; Plamondon & Alimi, 1997). Studies of disease states such as Parkinson’s 

Disease and stroke indicate that when human patients make movements in aiming tasks, they 

display a global slowing of movements; however, like healthy controls, their movement time 

increases linearly with increasing task difficulty (Fernandez et al., 2018; Lefebvre et al., 2013; 

Montgomery & Nuessen, 1990; Weiss et al., 1996). Since the target size and time to complete 
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individual trials remained constant throughout our study at both timepoints, we cannot make any 

conclusions about the relationship between movement accuracy and task difficulty. However, we 

do find significant linear relationships between the average hand speed and initial movement 

error within each hand and time point, which highlights a speed-accuracy trade-off phenomenon 

present in both nonhuman primates and humans during movements in aiming tasks.  

 To characterize motor changes as a result of stroke during movements to specific targets, 

we investigated whether pre-stroke performance was correlated to post-stroke performance. We 

found that pre-stroke performance was positively associated with post-stroke performance for 

path length and initial movement error in the affected limb; specifically, targets that were 

reached with greater initial movement errors and path lengths pre-stroke were the same ones with 

greater initial errors and longer hand paths post-stroke as well. This finding supports the 

contention that animals have specific strategies for reaching targets in space given the physics of 

limb motion during multi-joint reaching (Graham et al., 2003). Moreover, conservation of these 

strategies after stroke suggests maintenance of or recovery of certain motor patterns (Langhorne 

et al., 2009; Levin et al., 2009). Deviations from stereotyped strategies for reaching peripheral 

targets also identified areas in space where animals had significant difficulty reaching 

(Archambault et al., 1999; Brown, J.L., 1975; Desmurget & Prablanc, 1997; Friel & Nudo, 

1998). Specifically, the two targets that deviate from the line of best fit for path length for NHP2 

(squares; Figure 5.4c) are reaches towards the bottom and bottom left, and these are also the 

targets that require the longest movement time, suggesting significant difficulty in completing 

movements to these areas in space.  

The finding that certain pre-stroke movement parameters differentially affected post-

stroke performance between the two animals suggests that average hand speed and number of 
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speed maxima are more sensitive to interindividual differences that could arise as a result of 

severity of stroke. Specifically, while hand speed pre- and post-stroke were positively related for 

both animals, NHP1 hand speeds while reaching for specific targets tended to be more similar to 

pre-stroke movements than those of NHP2 (Figure 5.4b). Similarly, for the number of corrective 

movements, NHP2 had a greater increase in the number of corrective movements as compared to 

baseline performance than NHP1 (Figure 5.4f). The addition of a larger sample size to this 

dataset could help elucidate whether the interindividual variation in these parameters are the 

result of lesions to specific brain areas suffered by NHP2 but not NHP1 such as with the use of 

voxel-based lesion symptom mapping. This may provide insight into the neural underpinnings of 

specific aspects of sensorimotor control (E. Bates et al., 2003; Lo et al., 2010). Moreover, 

previous studies have shown that post-injury training can cause large scale reorganization of 

cortical maps (Frost et al., 2003; Plautz et al., 2000, 2003), the ability to detect subtle differences 

in the degree of motor recovery provides greater behavioral variation with which to correlate 

neural changes. 

An important characteristic of the Kinarm robot is that it provides gravitational support 

and allows movement only on a horizontal plane using elbow extension and flexion and shoulder 

rotation. Previous studies have revealed the impaired ability of human patients to generate elbow 

extension while maintaining abduction at the shoulder (Beer et al., 1999, 2004; Twitchell, 1951), 

as such, gravitational support helps mitigate this linked movement constraint. Moreover, studies 

have shown that patients are able to move their paretic elbows faster and with a greater range of 

extension movements when their upper limbs are support compared to when the same subjects 

are required to actively oppose gravity themselves (Beer et al., 2004). Rehabilitation with 

gravitational support could also have functional implications since studies suggest that gravity-
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supported reach training can result in higher muscle activity, greater maximal distance, and 

larger joint angles in subsequent unsupported reaching movements (Khallaf, 2018; Prange et al., 

2012). While investigating the effect of gravitational support on reaching movements was not the 

focus on this study, further elucidating its effects on outcome is important since there is evidence 

to suggest that gravity-supported training could improve function.  

The placement of peripheral targets around a central target requires animals to use elbow-

shoulder coordination to reach certain targets, while others can be accomplished with elbow-only 

movements (Coderre et al., 2010; Graham et al., 2003; Otaka et al., 2015). During visually 

guided reaching movements, we note a significant decrease in elbow range post-stroke as 

compared to pre-stroke movements in the affected limb and no significant change in the 

unaffected limb. In comparing elbow range of the affected limb during movements towards 

specific targets, we find that elbow range decreased post-stroke during movements to almost all 

peripheral targets for both animals. While it is possible that this finding is related to the finding 

of decreased path lengths in the affected limb and is the result of large peripheral targets, the 

significant correlation between pre and post-stroke elbow range suggests the maintenance of or 

recovery of elbow function at least during the initiation and beginning phases of movements that 

require both elbow-shoulder coordination and elbow only activation. Moreover, larger than 

expected decreases in elbow range could also contribute to identifying positions in space that 

individual animals have trouble reaching. Specifically, the three targets that deviate most from 

the line of best fit for NHP2 (squares; Figure 5.5b) represent elbow ranges during reaches to the 

bottom, bottom left, and bottom right, all of which critically require flexion of the elbow joint to 

complete (Graham et al., 2003). These are also two of the same targets identified as more 

severely impaired with path length measures for this animal.  
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Animals were also assessed in a passive stretch task, and the peak velocity with which the 

Kinarm was able to move the affected limbs with a fixed amount of force during passive 

stretches significantly decreased during both flexion and extension movements for both animals. 

This suggests some degree of spasticity that could contribute to the decreased range of motion 

during visually guided reaching tasks. The relative change in peak velocity during flexion 

movements for NHP2 was greater than that for NHP1 (Figure 5.6c), consistent with our findings 

of a greater decrease in range of motion and more severe impairments during reaches to areas in 

space requiring elbow flexion for NHP2.  

There are several future studies that can be conducted using NHPs to more fully 

characterize motor deficits post-stroke and to determine how pre-stroke movements affect post-

stroke performance. For example, we did not specifically assess hand function in this study; 

however, previous studies have been able to do so by evaluating cynomolgus hand function 

based on the animal’s ability to manipulate objects or complete tasks (Cook et al., 2012; Cook & 

Tymianski, 2012; Cooper et al., 1993; Murata et al., 2008). These future studies have important 

implications for human stroke patients since fine motor movements are required for effective and 

independent performance of activities of daily living as well as instrumental activities of daily 

living. Our studies reveal that motor deficits during visually guided reaching as a result of stroke 

are similar between humans and nonhuman primates. Moreover, pre-stroke performance 

provides additional insight into differentiating between recovery versus compensation in the 

different aspects of sensorimotor control. Lastly, the identification of movement parameters that 

are sensitive to differences in the severity of stroke provides preliminary evidence and 

necessitates further studies into the neural substrates underlying variation in motor deficits. 

Taken together, the studies and analyses presented above validate the use of robotic assessment 
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in a nonhuman primate model of chronic stroke as invaluable for elucidating behavioral and 

potential neural mechanisms underlying motor deficits following stroke and for testing the 

efficacy of new interventions. 
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Chapter 6 

Evaluation of postural control in a nonhuman primate model of chronic 

stroke 
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6.1 Introduction 

 Neurological injuries such as stroke can cause long-lasting sensorimotor deficits in 

patients. Indeed, though most stroke patients show some degree of recovery following stroke, 

most continue to have activity restriction and require aid with activities of daily living (Dobkin, 

2005; Hodgson, 1998; Lai et al., 2002; Langhorne et al., 2009). The inability to adapt to and to 

counter postural perturbations in day-to-day life is one such motor deficit, which may have 

dramatic consequences. Most stroke survivors tend to be older individuals, and such postural 

instability may increase the risk of subsequent falls and increases the likelihood of poor 

outcomes. Specifically, patients’ postural control post-stroke has been shown to be correlated 

with long-term functional improvement (Feigin et al., 2003; Jongbloed, 1986; Langhorne et al., 

2009).  

Analysis of balance and postural control in stroke patients have traditionally relied on the 

use of clinical scales. Clinical measurements include global assessments of neurological function 

(Carr et al., 1985; Collin & Wade, 1990; Fugl-Meyer et al., 1975, p.; Sackley & Lincoln, 1996) 

as well as specific assessments of posture (Bohannon et al., 1993; Hill et al., 1996). Clinical 

measurements are subject to several drawbacks including floor and ceiling effects, subjective 

assessments with variable intra-rater reliability, and low sensitivity. The emergence of robotic 

technologies has allowed for more spatially and temporally precise characterizations of motor 

deficits in clinical populations and a better understanding of disease. For example, a previous 

study using robotic technologies to apply perturbations to assess upper limb function in subacute 

stroke patients found that stroke patients took longer to slow their arms down following 

perturbation and took longer to return to a central target in their affected limbs. Interestingly, 

authors also found deficits in the ipsilesional arm in 58% of subjects studied, which were not 

revealed in clinical assessments. As such, authors reported that assessments using robotic 
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technologies were more sensitive than but were significantly correlated with clinical assessments 

of stroke impairment (Bourke et al., 2015).  

 Nonhuman primate (NHP) models of stroke are crucial for bridging the translational gap 

between rodents and humans, elucidating the neural underpinnings underlying injury and 

recovery, and for assessing the efficacy and safety of treatments and rehabilitation efforts 

(Carmichael, 2005; Cook & Tymianski, 2012; Howells et al., 2010). Though validated clinical 

scales to characterize motor deficits such as postural instability in NHP models of stroke exist 

(Cook et al., 2012; Del Zoppo et al., 1986; West et al., 2009), it is unclear whether robotic 

technologies can similarly yield more in-depth information about such deficits in NHPs as they 

do in human patients. Moreover, a careful characterization of postural deficits in a chronic model 

of middle cerebral artery stroke in NHPs has not been done to date.  Here, we trained NHPs in a 

postural task where they had to maintain their hands at a spatial goal while a load was applied to 

their upper limb and characterized their ability to respond to the perturbation before and after 

stroke.  

 

6.2 Methods 

6.2.1 Subjects 

Two adult male cynomolgus macaques (Macaca fascicularis; age: 8.7 + 0.1years; weight: 

9.4+1.5kg) were used for studies following procedures approved by the Queen’s University 

Animal Care Committee and in accordance with the guidelines of the Canadian Council on 

Animal Care. Animals were individually housed in home cages with 6hrs daily access to a 

playpen on a 12:12hr light-dark cycle and received a diet of Monkey Chow (Purina) with nuts, 

fresh fruits, and vegetables as dietary enrichment. Since successful trials in motor tasks were 
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rewarded with water, during training, water consumption was limited to 20mL/kg/day. Outside 

of training periods and during stroke recovery, animals were provided water ad libitum.  

 

6.2.2 Stroke model 

Strokes were induced by transiently occluding the right middle cerebral artery (MCA) for 

90 minutes as described in previous studies (Cook et al., 2012; Cook & Tymianski, 2012; 

Findlay et al., 1991). Briefly, animals were anesthetized with ketamine (2mg/kg) and 

dexmetatomadine (0.07mg/kg), they were then intubated and maintained on isoflurane (1.0-

2.5%; O2 flow 2L/min). A craniotomy was performed over the right frontotemporal region, 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 the orbitofrontal branch. Proximal 

placement of the clip allowed for some collateral circulation to the ischemic brain region 

resulting in an ischemic penumbra. After 90 minutes of ischemia, the aneurysm clip was 

removed to allow for reperfusion.  

6.2.3 Behavioral tasks 

Behavioral assessments were completed using the Kinarm exoskeleton robot (Kinarm, 

Kingston, ON). The Kinarm consists of a four-bar linkage system and torque motors which 

allows for combined flexion and extension movements of the shoulder and elbow in a horizontal 

plane. The torque motors record the angular positions of the elbow and shoulder from which 

hand positions, joint velocities, and accelerations can be calculated. The exoskeleton can directly 

manipulate the shoulder and elbow joints either independently or simultaneously using separate 

torque motors to apply loads, which is used in the assessment postural control in this study and 

cannot be done using motion tracking camera systems. The Kinarm also provides gravitational 
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support, which has been shown to affect motor performance in chronic stroke patients in 

previous studies. A black opaque screen prevented monkeys from viewing their limbs, while a 

monitor was reflected onto their visual field to create a controlled virtual reality display (Figure 

1a). Hand and elbow positions of both limbs were sampled at 1000Hz during task trials. Animals 

were first trained to sit calmly in a transport chair with their arms fixed in the Kinarm, they were 

first acclimated to having their upper limbs moved with the skeleton attached over the course of 

several months (see Chapter 4). Animals were then trained to perform a postural perturbation 

task.  

Pre-stroke data in the postural perturbation task were collected over 19 days for both 

subjects (NHP1: 855 trials; NHP2: 855 trials) as baseline measurements of performance. Strokes 

were then induced in both animals (see above), and following recovery, data were collected over 

20 days (NHP1: 605 trials; NHP2: 151 trials) at 5 months post-stroke during which time motor 

deficits were sell defined (Duncan et al., 1992; Jørgensen et al., 1995; Kelly-Hayes et al., 1989).  

In the postural perturbation task, animals were required to place their hands in a center 

target (radius = 1.3cm) and resist the externally applied force and return their hands to a central 

position. During each trial, a center target illuminated to alert the NHP to move and hold his 

active hand over the target for 300ms. Subsequently, one of eight different perturbation 

conditions was applied corresponding to a combination of flexor or extensor torques to the elbow 

or shoulder (+ 0.2N) resulting in movement of the hand in one of eight directions (Figure 6.1A). 

The NHP had to counter the perturbation, return the active hand back to the center target, and 

hold the hand there for 200ms for the trial to be deemed successful. Animals had a total of 

5000ms to complete each trial. Successful completion of all trials resulted in a total of 40 trials (5 

per target) per arm per training day. Only successful trials were analyzed for this study since it 
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was impossible to determine whether unsuccessful trials were due to inability, fatigue, or lack of 

motivation or attention.  

All successful trials in the postural perturbation task were analyzed from the onset of 

perturbation until the trial was deemed successful. The parameters analyzed include (Figure 

6.1B,C):  

1. Hand path length: distance the hand traveled.  

2. Average hand speed: average movement speed during the trial 

3. Movement time: total time elapsed during the trial.  

4. Deceleration time: time after perturbation onset until first speed minimum.  

5. Maximum displacement: maximum distance along the hand trajectory from the 

center of the center target (Figure 6.1B).  

6. Number of speed peaks: number of speed maxima.   
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Figure 6.1: Experimental setup and movement parameters measured for the postural perturbation 
task. 

(a). Nonhuman primates (NHPs) are seated with two Kinesiological Instrument for Normal and Altered 
Reaching movements (Kinarm) exoskeleton robots attached to the upper limbs to bilaterally record and 
influence hand, elbow, and shoulder positions on a horizontal plane. A black opaque screen prevented 
animals from viewing their limbs, while a monitor was reflected onto their visual field to create a 
controlled virtual reality display with the active hand visualized as a white circle on the screen. The 
postural perturbation task involved the robotic exoskeleton exerting flexor or extensor torque at the elbow 
and/or shoulder joints producing arm movements in eight different directions representing the eight trial 
conditions. (b). Maximum displacement was extracted from each trial and defined as the maximum 
distance (dashed black line) from the center of the central target to a point along the NHP’s hand 
trajectory. Total path length (blue line) in meters was also calculated for each movement (c). Hand speed 
in m/ms for movement of the hand from the central target to onset of perturbation and movement of the 
hand back into the central target. Dashed lines represent key events during a trial: the green dashed line is 
the onset of the perturbation, the black dashed line represents the deceleration time, and the red dashed 
line represents the time at which the NHP moved its hand back into the central target and held it there for 
200ms. Movement parameters extracted include maximum displacement, deceleration time, movement 
time, path length, average hand speed, and number of corrective movements when moving back into the 
center target.   
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6.2.4 Statistical analyses 

 All analyses of movement parameters were performed using scripts written in Matlab 

2018b (Mathworks Inc, Natick, MA). Time-series hand position and joint angle data were 

filtered using a sixth-order double-pass Butterworth lowpass filter with a cut-off frequency of 

10Hz. Animal performance on all movement parameters in the postural perturbation task was 

characterized by the median value across all trials for specific targets (i.e., perturbations in any of 

the eight directions), arms, and time points (i.e. pre vs post-stroke). Variables were first assessed 

for normality using the Shapiro-Wilks test. Those that deviated from normality were transformed 

using square root (movement time) or reciprocal root (deceleration time) transformations to 

normalize the data. The transformed and raw values of normally distributed variables were used 

as dependent factors in a linear mixed effects model (lmm) that included hand (left vs right), 

time (pre- vs post-stroke), and their interaction as main effects, and target nested within NHP ID 

as a random variable to account for clustering.  

The number of speed maxima is a discrete variable, and as such, was analyzed using a 

generalized linear mixed effects model (glmm: glmer function in the lme4 package; Bates et al., 

2014) fitted by maximum likelihood using the Laplace approximation. The model included the 

same main and random effects as described above with the outcome fitted with a Poisson 

distribution and the identity linking function (Wedel et al., 2003). The significance of the main 

effects was assessed using Wald Z test, and post-hoc comparisons for glmms and lmms were 

conducted using Tukeys HSD with the Holm adjustment for multiple comparisons (multcomp 

package; Hothorn et al., 2008).  

To elucidate the relationship of performance during perturbations in specific directions 

before and after stroke and further characterize deficits, linear (for continuous variables) and 
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logistic (for discrete variables) regressions between measures of performance pre- and post-

stroke were conducted for each hand.  

Linear mixed effects and generalized linear mixed effects models were performed in 

RStudio. Correlational analyses were conducted using JMP (Version 16. SAS Institute Inc., 

Cary, NC).  

 

6.3 Results 

6.3.1 Movements to counter postural perturbation are slower in the affected limbs post-stroke 

 Pre-stroke, both NHPs displayed controlled movements when countering a postural 

perturbation and when moving their hands back into the central target. However, post-stroke 

there were significant changes in hand movements and motor performance of the affected (left) 

limb (Figure 6.2A-F). In NHP1, left limb movements post-stroke are less stereotyped and consist 

of longer paths to return the hand to the central target (Figure 6.2C). NHP2 displays dramatically 

decreased range of movement within the working space as shown by hand trajectories that rarely 

exit the central target (Figure 6.2D).  
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Figure 6.2: Anatomical lesions and motor performance in postural perturbation task pre- and post-
stroke. 

(a,b). Structural T1-weighted MRI images at 6 months post-stroke showing lesions from transient middle 

cerebral artery occlusion in two NHPs. (c,d). Motor performance pre- and post-stroke on five trials in one 

postural perturbation direction. (e,f). Pre-stroke, movements consisted of smooth hand movements with 

few corrective movements. Post-stroke, animals make more corrective movements and take longer to 

steady their hands after the perturbation. Deficits in motor performance are especially evident in NHP2 

(b,d,f), who had the more severe stroke.  
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 Deficits in motor performance were characterized by analyzing several movement 

parameters including total path length, average hand speed, movement time, deceleration time, 

maximum displacement, and number of corrective movements. Overall path length became 

significantly shorter post-stroke compared to pre-stroke (F1,45 = 4.09; p = 0.0491). The effect of 

stroke affected path length differently for the right and left arms (F1,45 = 6.44; p = 0.0147). 

Specifically, path length became significantly shorter post-stroke for the affected arm (0.062 + 

0.017m) as compared to pre-stroke path lengths (0.102 + 0.011m; p = 0.0122), while there were 

no significant changes in path lengths in the right arm pre (0.124 + 0.011m) and post-stroke 

(0.129 + 0.014; p = 0.9834; Figure 6.3A).  

Animals’ arm movements became slower post-stroke (F1,45 = 14.02; p = 0.0005). Similar 

to path length, the effect of stroke affected the two limbs differently (F1,45 = 15.52; p = 0.0003). 

Animals moved their affected left limbs slower poststroke (0.051 + 0.007m/ms) compared to 

pre-stroke movements (0.081 + 0.007m/ms; p < 0.0001). The speed with which animals moved 

their unaffected limbs did not change pre- and post-stroke (pre: 0.084 + 0.006m/ms, post: 0.084 

+ 0.007m/ms; p = 9991; Figure 6.3B). Related to decreased path lengths and decreased hand 

speeds, total movement time did not significantly differ pre- and post-stroke (F1,45 = 0.3592; p = 

0.5519), not did the stroke affect left and right limbs differently (F1,45 = 0.51; p = 0.4794). In the 

affected left limb, animals took 0.422 + 0.047s to complete movements pre-stroke, and they took 

0.552 + 0.115s post stroke (p = 0.7900). Movement time also did not change for the unaffected 

limb (pre: 0.533 + 0.047s, post: 0.524 + 0.042s; p = 9998; Figure 6.3C).  

 Movement parameters that characterize the ability to counter a perturbation include 

deceleration time and maximum displacement. Stroke affected deceleration time differently for 

the left and right limbs (F1,45 = 5.27; p = 0.0264). Specifically, there was a tendency for 
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deceleration time to be longer in the left limb post-stroke (0.186 + 0.009s) compared to pre-

stroke (0.162 + 0.007s; p = 0.0531), and there were no differences between the time it took to 

stop moving after perturbation in the unaffected right hand pre- and post-stroke (pre: 0.171 + 

0.011s, post: 0.164 + 0.008s; p = 0.9300; Figure 6.3D). There were no differences in the 

maximum distance that the hands were displaced from the center target in the affected and 

nonaffected limb pre- and post-stroke (left pre: 0.018 + 0.002m, left post: 0.015 + 0.002, right 

pre: 0.020 + 0.002m, right post: 0.019 + 0.001m; p > 0.25 for all; Figure 6.3E). Lastly, during 

movements back to the center target after the perturbation, animals performed similar numbers of 

corrective movements in their affected and unaffected limbs pre- and post-stroke (left pre: 2.7 + 

0.3, left post: 3.1 + 0.7, right pre: 2.9 + 0.2, right post: 2.9 + 0.2; p > 0.80 for all comparisons; 

Figure 6.3F).  
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Figure 6.3: Measurement of motor performance analyzed from the postural perturbation task. 

(a). Path length was significantly shorter post-stroke compared to pre. This effect was driven by the effect 

of stroke on the left limb, and path length did not change for the unaffected right limb. (b). Average hand 

speed was significantly slower post-stroke. This effect was driven by the effect on the left limb since there 

were no differences in pre- and post-stroke right hand speed. There were no changes in the left or right 

hands pre- and post-stroke for movement time (c), deceleration time (d), maximum displacement (e), or 

number of corrective movements back to the central target (f). * p<0.05 for A-F. Triangles ( ) represent 

NHP1, and squares ( ) represent NHP2. Bars and error bars are mean + SEM. 
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6.4.2 Motor performance pre-stroke are related to post-stroke performance 

 To elucidate the relationship between pre- and post-stroke motor performance and to 

characterize changes in motor patterns during movements, regression analyses were conducted 

on all movement parameters. In the affected left limb, pre-stroke performance was not 

significantly related to post-stroke performance for deceleration time (R2 = 0.13; p = 0.6194; 

Figure 6.4D). However, pre-stroke performance was significantly and positively related to post-

stroke performance for path length (R2 = 0.99; p < 0.0001; Figure 6.4A), average hand speed (R2 

= 0.67; p = 0.0030; Figure 6.4B), movement time (R2 = 0.93; p < 0.0001; Figure 6.4C), 

maximum displacement (R2 = 0.84; p < 0.0001; Figure 6.4E), and number of speed maxima (R2 = 

0.86; p < 0.0001; Figure 6.4F).  

Pre-stroke performance of path length (F1,1 = 132.7; p < 0.0001), average hand speed (F1,1 

= 9.75; p = 0.0088), movement time (F1,1 = 36.6; p < 0.0001), and number of speed maxima (F1,1 

= 15.0; p = 0.0022) affected post-stroke performance differently for the two NHPs. Specifically, 

pre-stroke path lengths (NHP1 slope + SEM: 1.204 + 0.064, NHP2 slope + SEM: 0.117 + 0.065), 

movement time (NHP1 slope + SEM: 2.253 + 0.416, NHP2 slope + SEM: 0.00 + 0.000), and 

number of speed maxima (NHP1 slope + SEM: 2.333 + 0.582, NHP2 slope + SEM: 0.132 + 

0.112) in the affected limb were more similar to post-stroke parameters for NHP1 than for 

NHP2. While pre-stroke average left hand speed was more similar to post-stroke average hand 

speed for NHP2 (slope + SEM: 0.244 + 0.110) than for NHP1 (slope + SEM: 1.445 + 0.426).  

Regression analyses for the unaffected limb revealed that all movement parameters pre-

stroke were significantly and positively related to post-stroke performance (R2 > 0.4; p < 0.03 for 

all). Pre-stroke performance in the unaffected limb was differentially related to post-stroke 

performance for path length (F1,1 = 7.0; p = 0.0212), movement time (F1,1 = 6.6; p = 0.0247), and 

maximum displacement (F1,1 = 5.7; p = 0.0343). Specifically, post-stroke performance in these 
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parameters were more closely related to pre-stroke performance for NHP1 (slope + SEM path 

length: 0.898 + 0.098, movement time: 1.240 + 0.120, maximum displacement: 1.000 + 0.132) 

than for NHP2 (slope + SEM path length: 1.622 + 0.280, movement time: 0.135 + 0.331, 

maximum displacement: 0.261 + 0.271).  
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Figure 6.4: Correlations between pre- and post-stroke performance measures in the postural 
perturbation task. 

(a). Pre-stroke path length was related to post-stroke performance for both the affected and unaffected 

limbs. Moreover, pre-stroke hand path lengths were more closely related to post-stroke measures for 

NHP1 than for NHP2 in both limbs. (b). Pre-stroke average hand speed was related to post-stroke 

measures for both limbs. Pre-stroke hand speeds were more closely related to post-stroke performance in 

NHP2 than NHP1. (c). Movement time pre-stroke was significantly related to post-stroke movement 

times for both limbs. Stroke differentially affected the relationship between pre- and post-stroke 

performance for the two NHPs in both their affected and unaffected limbs. (d). Pre-stroke deceleration 

time was not related to post-stroke deceleration time for the affected limb but was related for the 

unaffected limb. (e). Pre-stroke maximum displacement was related to post-stroke arm displacement in 
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the task for both limbs. Stroke differentially affected this relationship for the right arms in NHP1 and 

NHP2. (f). The number of speed maxima pre- and post-stroke were related for both the affected and 

unaffected limbs. Number of corrective movements in the left arm post-stroke was more closely related to 

pre-stroke movements in NHP1 than NHP2. Points are jittered about the x-axis for the left hand, and 

about the x and y-axes for the right hand for visualization. Significance was evaluated at p<0.05 for A-F. 

Triangles ( ) represent NHP1, and squares ( ) represent NHP2.   
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6.4 Discussion 

 The ability to counteract postural disturbances is an important motor function for 

independent functioning in day-to-day life (Bourke et al., 2015). Though studies using robotic 

assessments of postural control have documented deficits in subacute stroke patients, the degree 

to which similar deficits are present in nonhuman primate models of stroke has not been 

carefully investigated. Indeed, such studies using animal models may be crucial for elucidating 

neural mechanisms underlying the processes of injury and recovery, and for documenting the 

effects of treatments or rehabilitative efforts that may prove beneficial in human patients. In this 

current study, we trained NHPs in a postural task where they had to maintain their hands at a 

spatial goal while a load in one of eight directions was applied to their upper limb. We then 

compared their ability to respond to the perturbations before and after stroke. 

 Pre-stroke, both NHPs displayed controlled and idiosyncratic movements when 

countering postural disturbances and when returning to a central target. Post-stroke, significant 

changes in hand movements and motor performances of the affected (left) limb can be noted. 

Specifically, post-stroke left hand movements spanned a shorter path and were slower compared 

to pre-stroke. Relatedly, the decreased path length and average hand speed resulted in no 

significant change in the total movement time required to complete tasks. Post-stroke, animals 

also tended to take longer to slow their hands down after the perturbation; however, the distance 

displaced did not significantly change. No significant changes in the ability to respond to the 

perturbation or to return to the central target were noted for the unaffected limb.  

 In a previously published study on subacute stroke patients undergoing the same task in 

the Kinarm robot, researchers found that subjects were slower to decelerate their affected limbs 

in response to perturbations, had their affected limbs further displaced by said perturbations, and 

had more corrective movements and took longer to return to a central target as compared to 
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control subjects. The same study reported deficits in the ipsilesional arm in many subjects as well 

(Bourke et al., 2015). Similar to the study in subacute human stroke patients, the NHPs in the 

current study also tended to be slower to decelerate their affected limbs in response to 

perturbations. However, in contrast, the NHPs collectively in the current study did not have their 

limbs further displaced by perturbations, take longer to, or make more corrective movements 

when moving their affected limbs back to the central target. Nor were there any differences noted 

in the ipsilesional arms of the NHPs in this study.  

 Several differences between the study conducted in humans and the current study could 

account for the discrepant findings. For example, the previously published study was in subacute 

stroke patients, while the current study was conducted in chronic stroke subjects. Moreover, task 

parameters were adjusted in the current study to better suit NHPs. A larger central target size was 

used in the current study for training considerations (1.3cm for NHP versus 1.0cm for humans); 

specifically, the size of the central target was decided as a tradeoff between feasibility of training 

and replicating the conditions used in the human studies. Additionally, smaller torque forces 

were used at the elbow and shoulder to produce perturbations in NHPs compared to humans (+ 

0.2N for NHP versus + 0.5N (elbow) and + 1.0N (shoulder) for humans) for safety 

considerations. As such, perhaps the deficits in the ipsilesional arm and impaired performance 

parameters in the affected limb are only detectable at higher torque forces which were not 

reached with the current task parameters of the present study. The types and variability of strokes 

may also differ between the present study and the previously published study in humans. The 

method of stroke induction in the present study produces cortical strokes (Cook et al., 2012; 

Cook & Tymianski, 2011, 2012), while it is possible that the study of human subacute stroke 

patients included those with white matter infarcts which could compromise inter-hemispheric 
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connections and ipsilesional performance. Lastly, it is important to consider the possibility that 

disease processes and behavioral manifestations of deficits in upper limb postural control may be 

different between humans and NHPs; however, such a conclusion is one of exclusion, and further 

studies must be conducted to exclude other possibilities.  

 Within the present study, there are considerable differences between the two NHPs 

studied in their post-stroke performance. Specifically, it is possible that the current task 

parameters were not suited for elucidating deficits in NHP2. Correlational analyses of task 

parameters reveal that post-stroke, NHP2’s movements consisted of short path lengths, short 

movement times, and few speed maxima. In fact, most of these parameters were uniform across 

the eight perturbation conditions. Upon closer inspection of the data from individual trials, there 

were several trials where there was only a single speed maximum in response to the perturbation, 

indicating that NHP2’s arm did not exit the central target in most trials. Indeed, if the 

perturbation is unable to move the active hand out of the central target, the trial is still deemed 

successful. NHP2 suffered a more severe stroke compared to NHP1 and displayed a greater 

degree of spasticity in the upper limbs (see Chapter 5). As such, it is possible that the task 

parameters induced a spastic response resulting in increased resistance to the perturbation. No 

other perturbation conditions (e.g. varying degrees of torque) were tested pre- or post-stroke for 

either NHP, and it is necessary that future studies vary these perturbation conditions as it is 

impossible to predict whether task parameters tested pre-stroke would be sensitive enough to 

capture deficits in recovering from postural perturbation post-stroke.  

 In contrast to NHP2, the current task parameters used appear sensitive for characterizing 

postural control deficits of NHP1. Considering only the performance of NHP1 (triangles in 

figures), the effects of stroke on postural control appear to more closely match those seen in 



 

203 

human subjects. Specifically, perturbation caused longer path lengths, slower hand speeds, 

longer movement times, and a greater number of corrective movements during hand movements 

back to the central target for the affected limb. However, longer path length, longer movement 

time, and lower average movement speeds were not associated with any significant changes in 

maximum displacement post-stroke. These findings support the conclusion that the perturbation 

did not displace the affected hand any further post-stroke than pre-stroke, but that the affected 

limb took a longer, more tortuous path to return to the central target. Indeed, this is supported by 

the greater number of speed maxima post-stroke as compared to pre-stroke. Such findings 

suggest that overall, in NHP1, there is less profound deficits in the ability to resist upper limb 

perturbations, but instead there are deficits in visually guided reaching. Such deficits can more 

specifically be characterized by visually guided reaching tasks (see Chapter 5). When 

considering individual directions of postural perturbation, there are two directions of perturbation 

that resulted in greater displacements post-stroke compared to pre-stroke. These directions are 

also associated with the longest deceleration times in NHP1. The two directions are in the 

cardinal directions of west and southwest, which are associated with perturbations involving 

shoulder abduction only, and shoulder abduction and elbow flexion, respectively. Such data 

could be informative for rehabilitative efforts and for revealing activities or home situations that 

could place individuals at greater risk for encountering such perturbations and subsequent injury.  

 Future studies in NHPs investigating the effect of stroke on postural control as revealed 

by the Kinarm should use multiple task parameters to more thoroughly characterize deficits and 

provide ample baseline for post-stroke comparisons. Moreover, future studies could also use the 

robot to mimic the forces generated from performing certain activities of daily living to assess an 

individual’s ability to counter such forces. Such studies have important implications for stroke 
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rehabilitation and could provide novel insight into the risk associated with certain activities of 

daily living. Taken together, the studies and analyses presented above motivate further studies of 

robotic assessment of postural control in a NHP model of chronic stroke.  
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Chapter 7 

General discussion and conclusions 
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Stroke is a debilitating neurological injury that carries a large burden of disease in the 

aging population. Though the overall mortality from stroke is decreasing, the absolute number of 

people with stroke, stroke survivors, and the global burden of stroke-related disability is 

increasing (Krishnamurthi et al., 2015). Despite decades of studies in both humans and animals 

which have provided greater insight into the pathophysiology and mechanisms of injury, there is 

currently only one approved pharmacological therapy for use in acute settings (National Institute 

of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995; Saver et al., 2013). The 

failure of therapies in clinical populations is partly attributed to potential translational gaps 

between rodent models in which these therapies are initially developed and human patients 

(Carmichael, 2005; Cook & Tymianski, 2012; Howells et al., 2010). To bridge this translational 

gap, the Stroke Therapy and Academic Industry Roundtable (STAIR) suggested the use of large 

animal models of stroke such as sheep, pigs, or nonhuman primates prior to large scale human 

clinical trials. Though more similar anatomy and physiological processes between large animal 

models and humans provide promise of more similar mechanisms of disease and recovery, 

several gaps in knowledge still exist within the field of translational stroke research in large 

animal models.  

There is a great diversity of available large animal models, stroke induction methods, and 

outcome measures that allow researchers and clinicians to design preclinical trials to investigate 

the efficacy of therapies and interventions. Indeed, the design of preclinical studies must 

consider whether studies are exploratory or confirmatory in nature as this distinction affects the 

heterogeneity of populations, sample sizes, and outcome measures that should be included in the 

study. Moreover, careful considerations of all aspects of a study must be completed prior to start 

of a study. For example, certain stroke induction methods may require enucleation of the eye, 
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and in these studies, outcome measures that require binocular vision would yield inaccurate 

results.  

NHPs are critical for testing the efficacy and safety of potential therapies and 

interventions that have shown promise in rodent models before large-scale clinical trials. Indeed, 

studies in NHPs found that three promising therapies that were fast-tracked to human clinical 

trials were ineffective and in one case unsafe. NHPs remain critical in stroke research since 

studies suggest that there are different mechanisms of injury following stroke in primates and 

rodents (Hori et al., 1999; Shinozaki et al., 1992; Xu et al., 2000). Moreover, more complex 

motor behaviors and related deficits may only be properly recapitulated in NHP models. In fact, 

STAIR recommends the use of a gyrencephalic NHP species in efficacy and safety testing before 

clinical trials (Fisher et al., 2007). However, despite recommendations of calculating sample 

sizes, defining exclusion and inclusion criteria, randomization, allocation concealment, and 

blinded outcome assessments, there is still great diversity in the implementation of 

methodologies.  

In studies involving the use of NHPs, there are several ethical considerations that must be 

taken to ensure that animals are not suffering from physical or mental distress. Many concerns 

raised surrounding the use of NHPs in research relate to their exposure to potentially distressing 

procedures, long-term housing in captivity, and limited freedoms which may not fulfill species-

specific needs (Andersen et al., 1995; Hansson, 2004). Ethical use of NHPs involves thorough 

evaluation of studies for scientific merit, scrutiny of proposed protocols, and considerations of 

justifications for why NHPs must be used for a specific study. Related to this last point, it is 

important for researchers to provide scientific justification for why an objective cannot be 

achieved without NHPs and what alternatives have been considered. Importantly, researchers 
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should apply the principles of the 3Rs, and replace, reduce, and refine the use of NHPs in studies 

by using newer non-invasive technologies, computer modeling, data sharing and biobanking, and 

proper training procedures (Russell et al., 1959; Cook & Tymianski, 2012).  

Studies in animal welfare support the use of systematic desensitization with positive 

reinforcement training to shape NHP behavior. For example, to train animals to willingly exit 

their home cages to enter a transport chair, animals should be habituated to stepwise behaviors 

such as coming forward to sit when prompted, allowing a pole to latch to their collars, and 

habituation to the squeeze mechanism of their cages (Bloomsmith et al., 1998; Bloomsmith et al., 

1994; Clay et al., 2009; Coleman et al., 2008). Such practices encourage NHPs to cooperate 

voluntarily with husbandry, veterinary, and research procedures allowing for greater flexibility in 

management of animals. In addition to proper training techniques, aspects of primate personality 

must also be considered such as in group or pair housing situations (Boyce et al., 1998). Though 

it is well established in literature that primate personality affects the likelihood of success with 

pair housing, whether personality affects the uptake of training using systematic desensitization 

with positive reinforcement training is unknown. With a population of twenty male cynomolgus 

macaques, we demonstrate success with such training techniques in our population of animals; 

however, certain behavioral traits and personalities are associated with shorter latencies to 

achieve training milestones. Specifically, we find that animals that are confident, friendly, and 

display low levels of baseline anxiety had lower latencies to achieve training milestones 

compared to their less confident, less friendly, and more anxious counterparts. Moreover, we 

report relationships between levels of confidence, friendliness, and anxiety and latency to 

achieve training milestones. Lastly, we find that housing location (in a top versus bottom home 

cage) did not significantly affect latencies to achieve any training milestones. Assessments of 
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personalities could allow trainers working with NHPs to identify animals that may be 

particularly receptive to training, as well as animals that may require more frequent training. 

These results provide novel insight into the influence of personality on the latency of likelihood 

of success with training NHPs in a laboratory setting.  

The use of robotic technologies for assessment of post-stroke deficits could prove to be a 

useful tool for unifying different methodologies of behavioral assessments in both clinical and 

preclinical studies (Bosecker et al., 2010; Lo et al., 2010; Takahashi et al., 2008; Volpe et al., 

2000). Indeed, robotic technologies can be programmed to run specific tasks mimicking forces 

encountered or movements required in day-to-day life. Such technologies can also record arm 

movements and provide insight into aspects of motor performance and control with great spatial 

and temporal resolution. Numerous studies have already been conducted in human stroke 

patients using robotic technologies such as the Kinarm to assess motor performance in postural 

control and visually guided reaching (Bourke et al., 2015; Coderre et al., 2010); however, the 

degree to which large animal models of chronic stroke can be trained to perform tasks reliably in 

the Kinarm or whether they show similar deficits to human stroke patients is largely unexplored.  

In the studies presented in Chapters 5 and 6 of this thesis, we trained NHPs to perform 

tasks in the Kinarm robot and compared their performance in these tasks before and after stroke. 

Across tasks, the ability to compare performance pre- and post-stroke acts as an excellent 

internal control and allows for more in-depth characterizations of deficits. Indeed, pre-stroke data 

allow for comparisons of movements in specific areas of space, determination of whether 

movements are preserved motor patterns from pre-stroke or new compensatory movements, and 

correction for idiosyncratic movement patterns. Moreover, hand dominance has been well 

documented in primates and tends to vary between individuals and even between tasks within an 
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individual. However, comparisons within an individual pre- and post-injury helps to mitigate this 

confounding effect. Though acquiring pre-stroke data for human stroke patients is less feasible, 

baseline data from NHPs could prove to be a great tool for elucidating neural underpinnings of 

deficits, characterizing recovery, and understanding the effects of rehabilitation efforts.  

Post-stroke deficits in a NHP model are similar to those reported in human populations as 

assessed by the same Kinarm tasks (Bourke et al., 2015; Coderre et al., 2010). For example, 

during visually guided reaching, both NHPs and human stroke patients had initial movement 

errors that were significantly greater than pre-stroke or than to healthy controls, respectively 

(Coderre et al., 2010). Though these motor tasks yielded similar results between NHPs and 

humans for certain movement parameters, post-stroke performance also differed between human 

and primate subjects as well. Specifically, while human subjects took longer hand paths to 

complete reaches, NHPs had shorter hand paths. Such a contradictory finding could be attributed 

to inherent differences in task parameters between those used for human patients and those used 

for NHPs. Specifically, the task for NHPs takes place over a much smaller area in space (3cm of 

space separating central and peripheral targets compared to 10cm for humans) with larger targets 

(1.3cm radius for NHPs and 1.0cm for humans). This is supported by the fact that animals move 

their affected hands over a significantly shorter distance upon entering the peripheral target post-

stroke as compared to pre-stroke. Even so, the task parameters used were sensitive enough to 

identify and characterize motor deficits in other movements parameters, and the effect of path 

length could be mitigated with the use of smaller targets. NHPs were also assessed in a passive 

stretch task to determine whether limbs suffer from some degree of spasticity. The relative 

change in peak velocity achieved with a fixed amount of force was in accordance with clinical 

assessments of spasticity for both animals. 
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Kinarm assessment of postural control revealed that both NHPs and human subjects took 

more time to slow their arms following a perturbation compared to pre-stroke and healthy 

subjects, respectively (Bourke et al., 2015). However, in contrast to human patients, NHPs in the 

study presented did not have their limbs further displaced by perturbations, take longer to, or 

make more corrective movements when moving their affected limbs back to the central target. 

There were considerable differences noted between the two NHPs in the study in their post-

stroke motor performance, and it is possible that current task parameters were not suited to 

characterize the more severe post-stroke deficits of NHP2. Indeed, considering only NHP1’s 

performance, the effects of stroke on postural control more closely match those seen in human 

patients. In contrast, NHP2’s motor performance was not as informative in part because its 

affected limb was not bumped out of the central target by the perturbation in most trials. It is 

possible that the forces applied at the elbow and shoulder were insufficient to perturb the 

affected limb due to the greater degree of spasticity noted in this animal. As such, future studies 

using this Kinarm task to assess postural control should use stepwise forces to ensure high 

enough sensitivity to capture deficits.  

A limitation of the present studies, and studies using animal models in general, is whether 

animals were motivated to perform behavioral tasks. Indeed, in the studies presented, only 

successful trials were included for analysis because it was impossible to parse whether animals 

were unsuccessful with certain trials due to lack of attention or lack of motivation. In the present 

studies, animals were rewarded with water for successful trials; however, for the animals’ 

welfare, if animals did not complete all trials in a day, they were given additional water when 

they returned to their home cages at the end of a training session. In some cases, animals learned 

that they would receive water regardless of whether they performed the tasks or not, and as a 



 

214 

result, performance on tasks suffered. Moreover, animals also differed in how motivation they 

felt in response to the water reward; specifically, NHP1 drank less water even when given water 

ad libitum. In response, trainers had to adapt to be more flexible with rewards and when water 

was given to the animals. Task parameters were also set to make tasks easier; indeed, the choice 

of central target sizes and distances that the animals must move their arms was a trade-off 

between matching the parameters of tasks used in human subjects and feasibility of training 

animals to consistently complete tasks. Even so, as discussed above, the modified task 

parameters posed additional difficulties with interpretation of data. The use of animals both pre- 

and post-stroke and making comparisons within an individual helps to mitigate these effects to 

some degree; however, it is still ill advised to change task parameters across animals, as this 

makes aggregate analyses impossible. Despite these limitations to the validity of inferences made 

about human populations from NHP findings, successful trials in motor tasks still provide an 

abundance of data and insight into motor performance.  

In the studies presented, MRI scans were acquired to confirm the anatomical location of 

and provide qualitative data on the extent of neurological injury. Future studies should attempt to 

further characterize the infarcts using additional imaging techniques such as functional MRI 

(fMRI) and diffusion tensor imaging (DTI). Such studies could help elucidate the muddy 

relationship between stroke volume and clinical outcome since more in-depth characterization of 

motor deficits can be done using robotic technologies such as the Kinarm exoskeletons. 

Moreover, baseline MRI has been shown to have prognostic power in determining which animals 

will have better or worse outcomes. Combining such studies with robotic assessments of motor 

performance could provide novel insight into mechanisms leading to behavioral deficits as well 

as identifying prognosticating factors that can predict the trajectory and extent of recovery.  
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Overall, future studies should focus on increasing the sample size of animals that are 

trained to perform motor tasks in the Kinarm robot with a specific focus on those with 

personalities that make them amenable to training. Furthermore, more in-depth neuroimaging 

modalities should be used to characterize their baseline state, the evolution of stroke, and the 

extent of injury at a chronic time point. These data may then be used to correlate with behavioral 

data attained from Kinarm tasks before injury, during the process of recovery, and when deficits 

become stable to help provide novel insight into the neural mechanisms underlying these 

processes. These future studies, in combination with the groundwork laid in this thesis, could 

have potentially profound impacts on our understanding of stroke pathophysiology and be an 

important framework in which to test novel stroke therapies and rehabilitation modalities.   
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