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Abstract 

The purpose of this exploratory study is to evaluate prefrontal cortex (PFC) activation patterns 

linked to active and passive paretic ankle dorsiflexion and plantarflexion and somatosensory 

stimulation (SS) using a reformed paperclip in people with subacute stroke. By using a 

neuroimaging tool called functional near-infrared spectroscopy (fNIRS) over the PFC, oxygenated 

and deoxygenated hemoglobin levels were collected in 9 participants. Objectives, including 

between-condition differences in PFC activation, interhemispheric asymmetry during conditions, 

and the relationship between interhemispheric asymmetry and clinical outcome measurement 

(Fugl-Meyer Lower Extremity Assessment, or FMLE), were evaluated using the fNIRS plots and 

Laterality Index (LI). Results showed that the active condition demonstrated the highest PFC 

activation, followed by the SS condition, then the passive condition. Two methods (LI and fNIRS 

plots) investigated interhemispheric asymmetry and divergent findings were found. Moreover, 

participants who have a higher score on the FMLE demonstrated bilateral PFC activation during 

active and SS conditions but contralesional activation during the passive condition. Overall, our 

study provided exploratory results that assist in understanding the role of PFC in ankle 

sensorimotor functions in people with subacute stroke.  

 

Keywords: Neuroimaging, Stroke, Functional near-infrared spectroscopy, Ankle dorsiflexion and 

plantarflexion, Prefrontal Cortex, Somatosensation 
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Summary for Lay Audience 

Walking is an essential part of people’s lives. In order to walk, the ability to move the ankle 

up and down and to feel the contact with the ground is important. However, these functions can be 

impacted after a stroke. Stroke damages the brain. Many people experience challenges regarding 

movement and sensation in one of their ankles after a stroke. Recent research has highlighted the 

relationship between brain activity and its role in arm and hand rehabilitation after a stroke. 

However, the role of brain activity in ankle functions is less well understood. Hence, this study 

intended to clarify the role of the prefrontal cortex (PFC) during ankle movement and sensory 

conditions. To measure brain activation, functional near-infrared spectroscopy (fNIRS) was placed 

on the forehead of 9 participants with subacute stroke during three conditions: 1) the active 

condition: participants moved their ankle up and down on their own; 2) the passive condition: the 

researcher moved their ankle up and down for them; 3) the SS condition: ankle stimulation using 

a reformed paperclip. We investigated the differences between conditions, the asymmetrical 

activation between the affected and unaffected sides of the brain and if there is a relationship 

between the activation patterns in the brain and their leg functions. Our results indicated that the 

active condition has the strongest relationship with the PFC, followed by the SS condition and then 

the passive condition. Two methods that we used to examine the brain activation asymmetry 

showed us contrary findings. Furthermore, participants who have better functions in the ankle 

demonstrated a similar amount of PFC activation on both affected and unaffected sides of the brain 

during the active and the SS condition, but the unaffected side of the brain was more activated 

during the passive condition. Ultimately, this study can help us understand how the PFC connects 

with ankle movements and sensation to inform future stroke rehabilitation and better interpretation 

of recovery outcomes for individuals who have experienced a stroke. 
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1 CHAPTER 1  

1.1 Introduction 

A cerebrovascular accident or stroke occurs every 5 minutes in Canada.[1] Current 

estimates indicate that more than 878,000 people in Canada have experienced a stroke.[1,2] Stroke 

is the major cause of short-term motor and sensory impairment, which can lead to substantial long-

term impairments with the lack of adequate treatment and rehabilitation.[3–5] Both short-term and 

long-term motor and sensory impairment can contribute to factors such as muscle weakness, poor 

motor control, reduced sensation and balance instability.[6–8] These factors can further impact the 

person’s ability to perform daily activities, such as walking, bathing, toileting and social 

interactions.[9–12] The ability to walk (either independently or by using assistive devices) enables 

individuals to move around freely, navigate their environment, and engage in social activities.[13] 

Subsequently, a restriction in walking contributes to diminished social interactions and self-care 

activities and further leads to decreased quality of life among people who have had a stroke.[14–

16] 

 Restoring the ability to walk has been rated as a high priority among survivors of 

stroke.[17,18] However, more than half of individuals who have experienced a stroke experience 

difficulty walking with or without assistive devices.[19,20] The control of movement for the 

execution of walking requires sensorimotor functions, which is a complex interplay between 

sensory and motor functions. Sensorimotor functions are supported by the central nervous system 

and the somatosensory system.[21] The central nervous system consists of the brain and the spinal 

cord, and it plays a fundamental role in coordinating and controlling movements involved in 

walking.[22] The somatosensory system in the periphery includes proprioception (limb position 

sense) and cutaneous somatosensation, which provides the senses of touch, pressure, vibration, 
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and others. [23] The somatosensory system is one of the key components for providing input to 

the central nervous system to enable coordinated motor output.[23] Generally, disruption in either 

the somatosensory system or the central nervous system can result in sensorimotor impairments 

including somatosensation deficits (difficulty to feel the ground or their limb position) and motor 

deficits (difficulty to move their ankle voluntarily), which subsequently affects walking. [24–27] 

After a stroke, direct damage to the central nervous system can impact motor function and the 

perception of peripheral sensation due to disrupted communications within the brain and between 

the central nervous system and the somatosensory system.[28] Because the severity of impairment 

after a stroke can vary across individuals and may also fluctuate over time within the same 

individual, examining brain activations individually holds the potential to enhance the 

effectiveness of gait rehabilitation. [29–31] The concept of personalized medicine has emerged in 

gait rehabilitation and has been identified by the Canadian Institute of Health Research as a 

research priority.[30–32] An important starting point in understanding poststroke gait recovery is 

to explore how brain activation can serve as an indicator of recovery during the rehabilitation 

process through the assessment of its correlation with ankle sensorimotor functions.  

In contrast to the rich body of research detailing the neural mechanisms driving hand and 

arm functional recoveries after stroke, the cortical activation patterns underlying the recovery of 

ankle functions are less well understood. Current stroke literature recognizes the interplay between 

cortical activation and performance on outcome measures in the lower extremity after 

rehabilitation.[33–35] Specifically, rehabilitation (e.g., physiotherapy) results in increased cortical 

activity, which is associated with better motor recovery in the leg.[36,37] However, few studies 

have explored the cortical activation of sensorimotor functions in the ankle. The existing literature 

has explored the relationship between cortical activation and ankle functions poststroke either in a 

single domain (e.g., solely sensory or motor), during dynamic movements (e.g., sit to stand) or 
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other non-somatosensory aspects of sensation (e.g., visual or auditory condition). To fully 

understand cortical activation patterns related to ankle sensorimotor functions, ankle sensorimotor 

conditions (e.g., somatosensory or motor conditions) should be investigated in a supine position 

to control for the additional effort needed with maintaining upright posture in standing and 

sitting.[38,39] Understanding cortical activity during ankle sensorimotor conditions can provide 

valuable insights into stroke rehabilitation. Hence, to explore the interplay of cortical activation 

with sensorimotor functions in the ankle, individuals’ cortical activation patterns must be observed 

during the execution of active and passive ankle dorsiflexion and plantarflexion and cutaneous 

somatosensory (e.g., light touch) stimulation (SS) in a supine position.   

1.2 Stroke  

Stroke is the leading cause of adult-onset disability and the third leading cause of death in 

adults in Canada.[40] The economic impact of stroke is significant in the Canadian healthcare 

system, resulting in a direct cost of 3.6 billion dollars.[41] Since the early 1990s, the number and 

rate of hospitalizations and deaths have steadily declined in all age groups for both men and women 

despite the continued aging of the population.[42] The reduction in hospitalizations and deaths 

could be attributed to the successful implementation of preventive measures. [42] 

A stroke happens when blood flow in the brain is suddenly disrupted (ischemic stroke) or 

a blood vessel in the brain ruptures (hemorrhagic stroke) leading to the lack of oxygen and nutrients 

to the brain, which can irreversibly damage nerve cells that are responsible for bodily functions.[43] 

Risk factors for stroke include non-modifiable risk factors, such as an increasing age, a family 

history of strokes, and being a female. Modifiable risk factors include hypertension, cardiovascular 

disease, diabetes, and cigarette smoking.[44] Neurological deficits caused by a stroke influence a 

variety of functions including cognition, sensation, mobility and communication.[34] 
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One of the most common impairments after stroke is hemiparesis, weakness on one side of 

the body, and it contributes significantly to decreased gait performance when the lower extremity 

is significantly impacted. [45] Hemiparesis affects around 65% of survivors of stroke.[46] When 

a stroke happens on the right cerebral hemisphere in the area responsible for motor function, the 

left side of the body can have hemiparesis.[47] Hemiparesis differs from hemiplegia, which is a 

complete loss of strength leading to paralysis on one side of the body.[48] The two terms imply 

reduced capacity of movement and possibly sensation on one side of the body; however, they differ 

in severity and are not interchangeable.[49] People with hemiplegia can have severe impairment 

of both gross (e.g., walking) and fine (e.g., writing) motor skills and drastically impaired sensation. 

In contrast, people with hemiparesis experience weakened muscle strength and relatively less 

severely impaired sensation in affected limbs.[46,48–50]  

To improve affected motor and sensory functions, people need rehabilitation after 

experiencing a stroke. [51] The timing of rehabilitation interventions is relevant to the outcomes 

of stroke recovery. The clinical staging of stroke follows the following timelines: the acute stage 

is 1-7 days from the onset of the stroke, the subacute stage ranges from 7 days to 6 months (early 

subacute: 7 days-3 months, late subacute: 3-6 months), and the chronic stage is classified at and 

beyond 6 months poststroke.[52] Most of the recovery after a stroke (48-91%) occurs through and 

to the end of the subacute stroke stage. [53] Rehabilitation during the subacute stage has been 

shown to improve mobility, independence, neurological deficits and activities of daily living, 

especially for those with a moderate to severe stroke.[54]  

Following a stroke, rehabilitation can stimulate sprouting from surviving neurons resulting 

in new connections with other neurons.[55] This rewiring of brain circuits, neuroplasticity, recruits 

existing neurons to perform functions that were previously controlled by the now damaged 

neurons.[55,56] Subacute stroke rehabilitation happens when optimal recovery can be facilitated 
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with neuroplasticity.[34] The majority of stroke rehabilitation protocols rely on motor learning 

principles to induce neuroplasticity.[37] The effectiveness of rehabilitation in the subacute stage 

can vary depending on individual-level factors of the stroke (e.g., severity of stroke).[30,57] Hence, 

observing the relationship between brain activation and function in the subacute stage can help to 

understand mechanisms of recovery and their association with recovery of function in the subacute 

stage. 

1.2.1 Stroke-Induced Changes in the Body 

 The central nervous system controls movements through communication between neurons 

in cortical and subcortical structures.[58] After a stroke, alterations in cortical activation patterns 

in the relevant cortical and subcortical areas affected by the stroke can be observed.[59–61] 

Lesions in the central nervous system from the stroke lead to peripheral changes in structures not 

directly impacted by the stroke. Specifically, stroke induces the reorganization of the muscle fibres 

and motor neurons, which can lead to the inability to recruit motor units and lead to muscle 

weakness.[62–64] At the sensory level, stroke can disrupt sensory pathways that transmit sensory 

signals from the body to the brain, resulting in impaired transmission of sensory information and 

leading to reduction or loss of sensations.[64] 

1.2.2 Interhemispheric Asymmetry Poststroke 

Quantitative measures derived from neuroimaging studies during the early and late 

subacute stages of stroke reveal that stroke is linked to asymmetrical patterns of brain activation 

compared to individuals without a stroke.[30,65,66] This asymmetrical pattern of brain activation 

induced by stroke is referred to as interhemispheric asymmetry and can be characterized by a 

decrease in neural activation in the affected hemisphere and/or an increased neural activation in 

the unaffected hemisphere.[67] One of the numerical measures used to quantify the degree of 



 6 

interhemispheric asymmetry is the laterality index (LI). The most favourable motor and sensory 

recovery outcomes are associated with a greater shift towards a more typical pattern of brain 

function, resembling that of individuals without a stroke.[68] For example, bilateral activation in 

the primary motor cortices is found in healthy adults during active plantarflexion and dorsiflexion 

of the right ankle, with more activation reported on the contralateral cortex.[58,69] This finding 

demonstrated that although contralateral activation is more pronounced, the primary motor cortices 

are bilaterally activated during unilateral ankle movement in healthy adults. [69] Though 

interhemispheric asymmetry is prevalent poststroke, it is ambiguous how it is presented (favouring 

contralesional or ipsilesional) during ankle sensorimotor conditions. In a case study of an 

individual with a subacute stroke, a statistically significant increase in the contralesional primary 

motor cortex and primary somatosensory cortex was observed during active paretic ankle 

dorsiflexion compared with the rest condition.[70] The findings of this study suggested the 

possibility of more contralesional activation in individuals with a subacute stroke during ankle 

sensorimotor conditions, despite the small sample size reported.[70] No other studies were found 

that compare interhemispheric asymmetry during active and passive paretic ankle dorsiflexion and 

plantarflexion, nor during SS around the paretic ankle in people with subacute stroke. Current 

findings demonstrated that interhemispheric asymmetry can be present in people with subacute 

stroke during ankle movements. However, there is insufficient evidence to comprehensively 

understand how interhemispheric asymmetry presents in people with subacute stroke during ankle 

sensorimotor conditions.  

It is also ambiguous how interhemispheric asymmetry, namely ipsilesional and 

contralesional activation, contribute to recovery poststroke. Due to the limited number of studies 

investigating ankle sensorimotor functions, the existing research examining the relationship 

between interhemispheric asymmetry and gait performance can offer valuable background 
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knowledge on this subject. Lim et al. found that greater levels of contralesional activation in the 

primary motor cortex and primary somatosensory cortex are related to faster gait speeds in people 

with chronic stroke.[71] Similarly, better walking outcomes were found to be associated with 

greater contralesional activation in the primary motor cortex and primary somatosensory cortex in 

people with chronic stroke.[72] In contrast, Enzinger et al. reported increased contralesional 

activation in the primary motor cortex and primary somatosensory cortex negatively correlated 

with the function of the paretic ankle and leg in individuals with chronic stroke.[73] Additionally, 

one study found no correlation between functional outcomes and activation in the primary motor 

cortex and the primary somatosensory cortex during voluntary ankle dorsiflexion in people with 

subacute and chronic stroke.[74] The divergent findings regarding lower extremity functional 

performances emphasize the complexity of defining the role of interhemispheric asymmetry in 

relation to functional recovery after stroke. Hence, it would be beneficial to investigate 

interhemispheric asymmetry relating to ankle sensorimotor functions to provide a more 

comprehensive understanding of functional recovery in the lower extremity in people with 

subacute stroke.   

1.2.3 Functional Outcome Measures and Brain Activity Poststroke 

Functional outcome measures (e.g., Fugl Meyer Lower Extremity Assessment) are 

commonly used in stroke rehabilitation. Typically, they are used to understand the effect of 

treatments, establish the functions of the individual at a single point in time, and determine the 

areas affected poststroke (e.g., knee joint, hip).[75] Fugl-Meyer Lower Extremity Assessment 

(FMLE) is a common outcome measure that is globally used among clinicians and researchers to 

assess sensorimotor impairments in people after stroke, including motor functioning, balance, 

sensation, and joint range of motion.[76] A higher FMLE score indicates better functions, meaning 
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the individual is less impaired.[77] While the FMLE measures the functional ability of the lower 

extremity in people poststroke, it is undetermined if a relationship between FMLE and cortical 

activation exists. Research has shown that the Fugl-Meyer Upper Extremity Assessment (FMUE) 

score is negatively correlated with the interhemispheric asymmetry poststroke, which means motor 

functional improvement in the upper limbs correlates with less interhemispheric asymmetry.[78,79] 

Specifically, a study demonstrated a statistically significant negative correlation between 

interhemispheric asymmetry and FMUE scores at the subacute stage of stroke.[80] This evidence 

supported that the FMUE scores correlated negatively with interhemispheric asymmetry 

poststroke, but the relationship of the FMLE with interhemispheric asymmetry still requires a more 

thorough evaluation.  

1.3 Ankle and Gait  

Walking dysfunction occurs in more than 80% of survivors of stroke.[81] Mizukami et al. 

found in their cohort of people that immediately after a stroke, the majority (50%) of people cannot 

walk, 12% can walk with assistance, and 37% can walk independently.[82] After following the 

people for 11 weeks of rehabilitation, 18% of people still could not walk, 11% walked with 

assistance, and 50%  walked independently.[82] Common alterations in gait performance 

poststroke include decreased gait speed, and increased gait asymmetry and energy cost.[82] These 

changes in gait and any accompanying muscle weakness are implicated in the high occurrence of 

falls in people after a stroke.[83]  

The ankle plays a crucial role in the process of gait, also known as walking.[84] It 

contributes to the overall stability, control, and efficiency of movement during gait.[85] The ankle 

has multiple functions, such as absorbing the impact of each step, supporting the body’s weight 

and contributing to stability.[86]  The ankle joint has a large range of motion, including 
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dorsiflexion (moving the foot toward the shin) and plantarflexion (pointing the foot downward). 

[87] These movements are essential for smooth and efficient gait performance. Moreover, the 

ankle joint contains numerous sensory receptors that provide feedback to the central nervous 

system about the position, movement, and weight-bearing status of the foot.[88–91] This feedback 

is crucial for maintaining balance and coordinating muscle activity during gait.[91] Since the ankle 

has multiple functions contributing to gait performance, impairment in the ankle sensorimotor 

functions can negatively impact walking. 

1.3.1 Ankle Dorsiflexion and Plantarflexion Impairment and Gait  

As mentioned earlier, ankle dorsiflexion and plantarflexion are essential for walking. 

Research has demonstrated that restricted dorsiflexion and plantarflexion range of motion at the 

ankle joint has been associated with poor balance and an increased fall risk in older adults 

compared to healthy controls.[92] The risks of falls and poor balance control can be heightened 

after a stroke, as it is common for people with hemiparesis to experience difficulty or an inability 

to actively dorsiflex and plantarflex the ankle. [25]  

Ankle dorsiflexion allows the foot to clear the ground, preventing tripping or falling. [93] 

It assists in proper foot placement for the next step and contributes to the forward body 

movement.[94] The importance of ankle dorsiflexion is also shown by two systematic reviews that 

state the strength of the ankle dorsiflexor muscles has a strong positive correlation with walking 

activity compared to other lower limb muscle groups.[95,96] A stroke can result in a condition 

known as foot drop, difficulty or inability to dorsiflex the ankle. [97] Foot drop affects 20%-30% 

of people after a stroke.[87] This can lead to difficulty in clearing the toe during the swing phase 

of walking, increasing the risk of falls.[87] Interventions to address foot drop include the 
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prescription of an ankle-foot orthosis which maintains a neutral position and prevents the ankle 

from going into plantarflexion.[98–100] 

Ankle plantarflexion provides the necessary power for propulsion, helping to move the 

body forward.[101] The act of ankle plantarflexion enhances the efficiency of walking by reducing 

the energy required for each step.[102,103] Stroke with resulting motor deficits in the lower 

extremity can affect ankle plantarflexion, which leads to muscle weakness or reduced ability to 

generate the necessary force to move the body forward.[104] This can result in decreased walking 

speed as maximum walking speed is strongly related to the plantarflexor strength in the paretic 

ankle. [93,105] Other consequences of decreased ankle plantarflexion strength include increased 

energy expenditure during walking and altered gait patterns.[103] Rehabilitation addressing ankle 

plantarflexion impairments often includes muscle strengthening exercises, range of motion 

exercises, and gait training to support and optimize ankle function.[106–108]  

Overall, both ankle dorsiflexion and plantarflexion are crucial components of gait.[87,92] 

By observing how stroke affects these movements and improving these movements through 

rehabilitation for people with stroke, it is possible to enhance their gait performance and increase 

overall mobility and functional independence.[98,106–108] 

1.3.1.1 Ankle Dorsiflexion, Plantarflexion and Brain Activation Patterns  

Gait patterns poststroke are often affected as a result of reduced central descending neural 

signals to the paretic ankle.[109] Informed by studies with healthy adults, active right ankle 

dorsiflexion is mainly controlled by cortical areas and plantarflexion activated more subcortical 

areas.[58] Active right ankle dorsiflexion activated areas such as bilateral primary motor cortices, 

bilateral primary somatosensory cortices, and bilateral secondary somatosensory cortices, whereas 

active plantarflexion activated areas such as the ipsilateral supplementary motor area and the basal 
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ganglia.[58] On the other hand, passive ankle dorsiflexion generated activation over bilateral 

secondary somatosensory cortices and contralateral primary motor cortex and passive 

plantarflexion is controlled by subcortical areas and frontal non-primary motor areas in healthy 

volunteers.[58,110] These findings showed that brain activation patterns vary during active and 

passive ankle dorsiflexion and plantarflexion. This difference raises the question of how active 

and passive ankle dorsiflexion and plantarflexion are associated with brain activation in 

individuals with stroke, specifically with interhemispheric asymmetry. However, no studies exist 

to address this question.  

Although no studies were found to examine active and passive ankle dorsiflexion and 

plantarflexion in people with subacute stroke, the following studies conducted in other populations 

could inform the current understanding of the literature on this topic. Enzinger et al. reported 

increased activation in the primary motor cortex and primary somatosensory cortex during both 

active and passive ankle dorsiflexion and plantarflexion compared to rest in participants with 

chronic stroke and in healthy controls. [73] However, they did not investigate if active ankle 

dorsiflexion and plantarflexion elicit a different pattern of activation from passive ankle 

dorsiflexion and plantarflexion.[73] This comparison was investigated by Francis et al. in healthy 

adult volunteers, active dorsiflexion and plantarflexion of the right ankle resulted in more 

prefrontal cortex (PFC) activation compared to the passive conditions.[110] Drawing from the 

findings of studies conducted on both healthy individuals and people with chronic stroke, it can be 

concluded that brain activation is observable during active and passive ankle dorsiflexion and 

plantarflexion with the likelihood that active ankle movement elicits greater activation compared 

to passive movement. However, further research is needed to fully understand the nuances of this 

topic.[111]  
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1.3.2 Ankle Somatosensation and Gait 

As an important aspect of sensorimotor functions, somatosensory input from the lower 

extremity is vital for gait.[30,112] During walking, somatosensation plays a crucial role in 

providing feedback about the position, movement, and stability of the body. [113,114] 

Somatosensory information from the ankle helps maintain balance and adaptation of the gait 

pattern to different surfaces.[115–117] It also contributes to the coordination of muscle activity 

and the regulation of step length and timing.[118–120] Impairment in foot or ankle 

somatosensation is related to a deterioration of postural control and may result in an increased risk 

for falls.[121]  

In individuals who have experienced a stroke, ankle somatosensation may be affected due 

to damage to the brain. As a key component of somatosensation, cutaneous somatosensation 

contributes to gait by providing crucial sensory information and feedback. Impairments in 

processing cutaneous somatosensation in the ankle are prevalent poststroke.[122] Seven to fifty-

three percent of people with subacute stroke reported having impaired cutaneous somatosensation 

in both the upper and lower limb on the affected side.[26] Stroke survivors with ankle cutaneous 

somatosensation deficits may experience problems with weight-bearing on the affected side, 

decreased ankle stability, and altered coordination during walking.[123,124] These impairments 

can affect the overall gait pattern, leading to compensatory movements, increased risk of falls, and 

reduced walking efficiency.[124,125] 

1.3.2.1 Somatosensation and Brain Activation Patterns 

The brain is responsible for processing and integrating sensory information, including 

somatosensation from the ankle and generating appropriate motor responses during 

walking.[126,127] Somatosensation deficits in the paretic ankle after a stroke can have significant 
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consequences on post-stroke functional outcomes. [115–117] These consequences manifest as 

difficulties in gait control and maintaining balance. [121]  

Research in healthy adults demonstrated increased activation over the bilateral thalami and 

the primary somatosensory cortices during light touch in the foot.[128–131] Existing poststroke 

research targets other aspects of cutaneous somatosensation (e.g., pressure) and functional 

outcomes.[124] However, no studies were found to investigate how interhemispheric asymmetry 

after stroke correlates with the processing of ankle cutaneous somatosensation. Assessing brain 

activation during SS in the ankle poststroke can aid in understanding poststroke gait recovery.[124]  

1.4 Prefrontal Cortex and Voluntary Control  

Due to motor and sensory impairments associated with hemiparesis, many individuals post-

stroke tend to rely on their non-paretic limb to complete daily conditions.[132] When the use of 

the paretic limb is neglected, the brain will tend to suppress or reduce the neural connections 

associated with the unused paretic limb.[132] Reduced usage of the paretic limb may result in 

decreased motor control, muscle strength, and coordination, as well as increased muscle atrophy 

and joint stiffness.[133–136] To promote neuroplasticity and maximize functional recovery, it is 

crucial to actively engage the paretic limb in rehabilitation activities. [132,136]  

The prefrontal cortex (PFC) covers the front part of the frontal lobe of the cerebral 

cortex.[137] The PFC contributes to the control of ankle functions and gait due to its involvement 

in cognitive processing and motor control. [138,139] Cognitive processing refers to the mental 

activities involved in acquiring, processing, storing, and utilizing information.[140] To perform 

gait activities, cognitive processing is crucial for analyzing sensory input, coordinating movements, 

and adjusting motor responses based on the environment.[141,142] Thus, PFC helps integrate 

sensory information about foot placement, ground contact, and balance from sensory receptors and 



 14 

the environment to make informed decisions about maintaining stability and adjusting movements 

as needed.[143] 

The PFC is also involved in motor planning and coordination during gait, evidenced by 

significant activation present in the PFC before the onset of and during walking.[144] The PFC 

has connections with multiple brain regions involved in motor control, including the premotor 

cortex and the supplementary motor area. [145,146] While there is no direct connection between 

the PFC and the primary motor cortex, studies indicate the presence of anatomical links between 

the PFC and the premotor area. The premotor area, in turn, projects to both the primary motor 

cortex and the spinal cord, facilitating the transmission of motor commands.[145] The connection 

between the PFC and the primary motor cortex and the primary somatosensory cortex has also 

been identified.[147] Through these connections, the PFC can contribute to the precise 

coordination of ankle movements and ensures the execution of walking.[144,148,149] 

Despite the importance of PFC in controlling ankle sensorimotor movement, few studies 

examined interhemispheric asymmetry between the right and left PFC and its effects on ankle 

sensorimotor function poststroke. To inform the current understanding of this topic, gait research 

poststroke provided valuable insights.[150–152] For instance, Al-Yahya et al. observed increased 

bilateral PFC activation in individuals with chronic stroke compared to healthy controls under both 

single-condition and dual-condition (e.g., walking paired with a cognitive condition) walking 

conditions.[153] Similarly, Hawkins et al. demonstrated greater bilateral PFC activation in people 

with chronic stroke during walking compared to both young and older healthy adults.[151] On the 

contrary, Lim et al. found greater ipsilesional PFC activation compared to contralesional PFC 

activation during walking in people with chronic stroke.[71] These findings suggest discrepancies 

in the literature regarding interhemispheric asymmetry in the PFC during gait. Hence, further 
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research should be conducted to fully understand the role of interhemispheric asymmetry in the 

PFC poststroke. 

1.5 Assessing Prefrontal Cortex Activity Using Neuroimaging 

Neuroimaging modalities assist researchers to visualize and quantify cortical activation and 

further our knowledge of how the brain contributes to functional outputs.[146] In stroke, functional 

neuroimaging has emerged as a useful tool, unveiling the pathophysiological aspects of brain 

damage and enabling the assessment of functional-structural relationships during poststroke 

recovery. [154] Integrating neuroimaging tools into stroke rehabilitation can be beneficial in 

delineating the mechanisms underlying poststroke recovery. 

1.5.1 fNIRS VS. fMRI 

Neuroimaging techniques such as functional Near-Infrared Spectroscopy (fNIRS) and 

functional Magnetic Resonance Imaging (fMRI) are commonly used to evaluate cortical activation. 

fNIRS is a non-invasive optical neuroimaging tool to assess cortical activation by observing 

changes in oxygenated (HbO) and deoxygenated (HbR) hemoglobin (Hb) levels.[155] fNIRS and 

fMRI both measure the hemodynamic response to neural activity, though use different approaches. 

fMRI relies on blood oxygen level dependent contrast to visualize active brain regions. [156] More 

specifically, it utilizes the magnetic properties of Hb, especially HbR.[156] fMRI has contributed 

greatly to the understanding of functional neuroanatomy in both healthy younger and older 

adults.[157] It is non-invasive and boasts exceptional spatial resolution.[158]  However, fMRI has 

some practical constraints that can limit its usage such as participant claustrophobia, movement 

restrictions (e.g., supine position), and contraindications to being in a magnetic field (e.g., surgical 

metal in the body).[158] Furthermore, fMRI has lower temporal resolution than fNIRS. fMRI also 
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requires expensive equipment, maintenance and highly trained and specialized personnel, 

accounting for a greater cost to perform an fMRI scan.[156] 

On the other hand, fNIRS uses low levels of near-infrared light (between 700 nm and 900 

nm wavelength) to record changes in cerebral blood flow through optical sensors placed on the 

surface of the scalp. [156] fNIRS relies on the process of neurovascular coupling, which refers to 

the mechanism by which changes in neural activity lead to corresponding adjustments in cerebral 

blood flow to meet the metabolic demands of active brain regions.[159] For example, when 

neurons become active, increased demand for oxygenated blood (and therefore HbO) will be 

observed in the activated brain areas. Optical sensors of fNIRS detect these changes and 

consequently interpret the concentration of HbO and HbR with excellent spatial resolution.[156] 

fNIRS is relatively inexpensive and suitable for a wide range of people (i.e., infants to older adults). 

fNIRS has a higher temporal resolution than fMRI, typically between 1 to 10Hz.[160] Its 

portability allows neuroimaging research to be conducted with participants performing conditions 

such as standing or walking and in many environments, including in inpatient settings.[160,161] 

Compared to fMRI, fNIRS is not sensitive to common electrical or magnetic devices, such as 

pacemakers and hearing aids, therefore there are fewer restrictions on whom the equipment can be 

used safely.[162]  

1.5.2 fNIRS and Stroke 

 Research has demonstrated that fNIRS can be used in a clinical setting due to its usability 

and reduced sensitivity to head motion artifacts.[35] The portability of fNIRS allows it to be an 

effective neuroimaging tool in investigating cortical activity in different environments, such as an 

inpatient setting.[156] In the existing literature, fNIRS has been used to study cortical activation 

during gait with the stroke population, but not with sensorimotor functions of the 
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ankle.[151,163,164]  The advantages of fNIRS allow investigations of dorsiflexion, plantarflexion 

and somatosensation of the paretic ankle in people with subacute stroke in more realistic and 

clinical environments.  

1.6 Rationale for Thesis Research Project 

Restoring the ability to walk has been rated as a high priority among stroke 

survivors.[17,18] The ankle plays a crucial role in the execution of walking, also known as gait.[84] 

Its functions of plantarflexion, dorsiflexion and somatosensation contribute significantly to the 

overall stability, control, and efficiency of movement during gait.[85] However, these functions 

are often affected poststroke due to interhemispheric asymmetry, which is the asymmetrical 

activation patterns in the contralesional and ipsilesional hemispheres.[165] The loss of or 

weakened ankle functions can result in gait asymmetry and contributes to falls.[109,121] Despite 

the prevalence of interhemispheric asymmetry poststroke, few studies have investigated how it 

affects ankle sensorimotor functions. 

1.6.1 Purpose 

The purpose of this exploratory study is to examine the prefrontal cortex (PFC) activation 

patterns during active ankle plantarflexion and dorsiflexion, passive ankle plantarflexion and 

dorsiflexion, and somatosensory stimulation (SS) around the ankle in people with subacute stroke. 

The objectives of this study are: 

1. To examine between-condition differences in both HbO and HbR concentration  

2. To investigate interhemispheric asymmetry using concentration differences in both HbO and 

HbR for each condition 

3. To determine the relationship between interhemispheric asymmetry (represented by LI) and 

clinical outcome measurement (represented by FMLE) 
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1.6.2 Hypotheses 

It was hypothesized that:  

1.  The order of HbO concentration, from highest to lowest, would be as follows: the active 

condition, then the passive condition, and last, the SS condition. HbR concentration would stay 

relatively similar between conditions 

2. Greater contralesional activation would be found compared to ipsilesional activation in all 

conditions 

3. Participants with a higher score on the FMLE would be found to have more bilateral PFC 

activation compared to those with a lower score 
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2 CHAPTER 2 

2.1 Introduction 

A stroke occurs every 5 minutes in Canada.[1] Stroke is a leading cause of adult-onset 

disability in Canada and impairments in sensorimotor functions commonly occur among people 

after stroke.[166] These impairments encompass a range of sensorimotor functions, including 

somatosensation deficits (difficulty to feel the ground or their limb position) and motor deficits 

(difficulty to move their limb voluntarily).[24–27] Due to sensorimotor impairments poststroke, 

more than half of individuals who have experienced a stroke are unable to walk independently 

without assistive devices.[19,20] Consequently, the restriction on walking can result in diminished 

social interactions and self-care activities and further leads to decreased quality of life among 

people who have had a stroke.[14–16] The foot directly contacts with the environment during 

walking, making foot/ankle sensorimotor functions crucial to numerous components of 

walking.[167] Specifically, ankle plantarflexion (pointing the foot downward), dorsiflexion 

(lifting the foot upward) and somatosensation (e.g., light touch) contribute significantly to the 

overall stability, control, and efficiency of movement during walking.[85] Since a stroke directly 

damages the brain, examining brain activation is beneficial in understanding the impact of stroke 

on ankle sensorimotor functions. Addressing impairments in ankle sensorimotor functions is not 

only related to the motor and sensory cortices but also extends to the involvement of the prefrontal 

cortex (PFC). The PFC contributes to the analysis of sensory input, coordination of movements, 

and adjustment of motor responses based on the environment in the ankle according to its functions 

of cognitive processing and motor control. [138,139,141,142] As a result of a stroke, the functions 

of the PFC can be disrupted, which can potentially contribute to impairments in sensorimotor 

functions in the ankle. Hence, discovering the relationship between PFC and ankle sensorimotor 

functions poststroke can be beneficial to understand poststroke recovery.[24–27] 
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Quantitative measures derived from neuroimaging studies during the early and late 

subacute stages of stroke reveal that stroke is linked to asymmetrical patterns of brain activation 

compared to individuals without a stroke.[30,65,66] This asymmetrical pattern of brain activation 

induced by stroke is referred to as interhemispheric asymmetry and can be characterized by a 

decrease in neural activation in the affected hemisphere and an increased neural activation in the 

unaffected hemisphere.[67] Informed by studies conducted on healthy adults, bilateral activation 

in the primary motor cortices is found during active plantarflexion and dorsiflexion of the right 

ankle, with more activation reported on the contralateral cortex.[58,69] However, in a case study 

of an individual with a subacute stroke, a statistically significant increase in the contralesional 

primary motor cortex and primary somatosensory cortex was observed during active paretic ankle 

dorsiflexion compared with the rest condition.[70] The findings of this study suggested the 

possibility of a more contralesional activation in individuals with a subacute stroke during ankle 

sensorimotor conditions, despite the small sample size reported.[70] Furthermore, drawing from 

the findings of studies conducted on healthy adults, it can be concluded that active ankle movement 

elicits greater activation compared to passive movement. [73] For example, Francis et al. reported 

that active dorsiflexion and plantarflexion of the right ankle resulted in more PFC activation 

compared to the passive condition in healthy adults.[110] However, this relationship was not 

investigated among people after a stroke. Lastly, despite the importance of ankle somatosensory 

functions, few studies examined cortical activation during ankle somatosensory conditions 

poststroke. Research in healthy adults reported increased activation over the bilateral thalami and 

the primary somatosensory cortex during light touch SS in the foot.[128–131] However, no studies 

investigated how the perception of ankle cutaneous somatosensation changes poststroke. 

To measure cortical activity, functional near-infrared spectroscopy (fNIRS) can be used to 

quantify changes in the PFC by measuring oxygenated (HbO) and deoxygenated (HbR) 
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hemoglobin (Hb) levels.[155] fNIRS relies on the process of neurovascular coupling, which refers 

to the mechanism by which changes in neural activity lead to corresponding adjustments in 

cerebral blood flow to meet the metabolic demands of active brain regions.[159] This process 

supports that changes in Hb concentration (increased HbO and decreased HbR) indicate brain 

activation.[168,169] The portability of fNIRS allows it to be an effective neuroimaging tool in 

investigating cortical activity in different environments, such as inpatient settings.[156]  

In conclusion, the existing literature has explored cortical activation during ankle 

sensorimotor conditions in healthy adults, but few studies were conducted with people after stroke. 

In the stroke literature, PFC activation during ankle functions was explored either in a single 

domain (e.g., solely sensory or motor), during dynamic movements (e.g., walking) or other non-

somatosensory aspects of sensation (e.g., visual or auditory condition). To fully understand PFC 

activation patterns during ankle sensorimotor functions, this study aims to examine bilateral PFC 

activation patterns during ankle sensorimotor conditions (e.g., somatosensory or motor conditions) 

in people with subacute stroke. Understanding PFC activation during ankle sensorimotor 

conditions can provide valuable insights into gait rehabilitation poststroke.  

2.1.1 Purpose 

The purpose of this exploratory study is to examine the prefrontal cortex activation patterns 

during active ankle plantarflexion and dorsiflexion, passive ankle plantarflexion and dorsiflexion, 

and somatosensory stimulation (SS) around the ankle in people with subacute stroke. The 

objectives of this study are: 

1. To examine between-condition differences in both HbO and HbR concentration  

2. To investigate interhemispheric asymmetry using concentration differences in both HbO and 

HbR for each condition 
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3. To determine the relationship between interhemispheric asymmetry (represented by LI) and 

clinical outcome measurement (represented by FMLE) 

2.1.2 Hypothesis 

It was hypothesized that:  

1.  The order of HbO concentration, from highest to lowest, would be as follows: the active 

condition, then the passive condition, and last, the SS condition. HbR concentration would stay 

relatively similar between conditions. 

2. Greater contralesional activation would be found compared to ipsilesional activation in all 

conditions. 

3. Participants with a higher score on the FMLE would be found to have more bilateral PFC 

activation compared to those with a lower score. 

2.2 Methodology 

2.2.1 Participants  

We used a convenience sample of participants recruited from the inpatient stroke unit at 

Parkwood Institute in London, Ontario, Canada between May 2022 and May 2023. This study was 

approved by the University of Western Ontario Health Sciences Ethics Review Board, London, 

Canada (HSREB#119880) and by the Clinical Resources Impact Committee of Lawson Health 

Research Institute (Appendix A). 

2.2.2 Inclusion & Exclusion Criteria 

Individuals were recruited and screened by their physician and physiotherapist at admission 

into the hospital. Individuals were eligible to participate if they were medically stable (able to 

participate in the inpatient stroke rehabilitation programs), age greater than or equal to 19 years, 

displayed hemiparesis after the stroke, were an independent community ambulator prior to the 



 23 

stroke, were able to understand and follow instructions in English, and were able to provide 

informed consent. Individuals were excluded if they were unable to communicate in English, 

presented other chronic health conditions that would adversely affect participation (e.g., 

Parkinson's disease, multiple sclerosis, cancer, orthopedic limitation, recent myocardial infarct) 

and/or directly affected hemoglobin levels, or had a cerebellar stroke. Each participant provided 

written informed consent prior to data collection.   

2.2.3 Experimental Protocol  

2.2.3.1 fNIRS System and Placement 

The continuous wave fNIRS system (PortaLite, Artinis Medical Systems, Elst, The 

Netherlands, www.artinis.com, see Figure 1) with LED optodes (wavelengths of 759 and 841nm) 

was used to measure functional brain activity at a sampling rate of 50 Hz through Oxysoft 1.3.1 

software. Each device contained one source and three detectors (Figure 1A). Prior to the 

experiment, nasion-inion distance, ear-to-ear distance (between preauricular points), and the head 

 A 

Figure 1. (A). fNIRS system -- PortaLite Artinis Medical System; D1, D2, D3: 

Detector 1, 2, 3 and (B). Example of a participant wearing two fNIRS devices on the 

forehead with the headband over the devices. 

B 
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circumference of the participants were measured to ensure consistent placement among 

participants. Two fNIRS devices were placed over the bilateral PFC in accordance with the 

international 10-20 landmarking system [170]. A headband affixed the sensors to the head to 

ensure minimal light pollution to the signals (Figure 1B).  

2.2.3.2 Condition Procedures  

Data collections were completed on the inpatient stroke unit and conditions were 

administered by two members of the study team (SL or ND). All participants were asked to lie in 

a supine position on a plinth in the inpatient stroke unit gym or in their hospital bed allowing the 

ankle to be moved freely. The protocol was 5 trials for each of three conditions on the paretic ankle: 

(1) active ankle plantarflexion and dorsiflexion, (2) passive ankle plantarflexion and dorsiflexion, 

and (3) the SS condition using a reformed paperclip to stimulate the ankle. Condition order was 

randomized using a web randomization tool (www.randomizer.org) with the experimenter 

triggering the start of each trial.[171] Each trial lasted 20s and the rest time between trials varied 

from 15s to 30s to minimize the physiological effects of breathing and heart rate on the condition 

hemodynamic responses.[172] All conditions were performed under metronome guidance at a 

frequency of 0.33 Hz (20BPM) and the metronome was on during conditions and rest periods to 

control for the effects of the auditory stimulus. The pace was visually monitored by the 

experimenter to ensure that participants adhered to the 0.33 Hz tempo. Pillows were placed under 

the knee and gastrocnemius muscles to ensure the ankle can move freely. The verbal instructions 

to start the conditions was “Start” and the instruction to stop the conditions was “Stop.” 

Participants were blinded to the order of the conditions, number of total trials and length of each 

trial and were instructed not to count the number of total trials or their movement repetitions in 

each trial. During the testing, participants were instructed to relax, not to close their eyes, refrain 
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from moving, and not think about anything in particular. Participants were asked to look at a visual 

fixation point on the ceiling during conditions and rest periods to minimize head movements. A 

licenced physiotherapist was present at all times during the entire data collection to ensure the 

safety of the participant.  

For the active ankle plantarflexion and dorsiflexion condition, participants were instructed 

to move their paretic ankle through the range of motion they can achieve in time to the metronome. 

They were asked to relax their non-paretic leg and focus on only moving the paretic ankle. 

Participants were told to only move their ankle once they hear a beat from the metronome to avoid 

anticipation (e.g., beat – dorsiflex – beat – plantarflex). Due to diverse degrees of impairments in 

ankle sensorimotor functions, the degree of range of motion was not restricted during this condition. 

More importantly, participants were instructed to focus on voluntarily moving their ankles, rather 

than achieving a certain degree of movement.  

 

 

Figure 2. (A) An example of passive ankle dorsiflexion of the paretic 

ankle and (B). Example of passive ankle plantarflexion of the 

paretic ankle. 

A B 
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During the passive ankle dorsiflexion (Figure 2A) and plantarflexion (Figure 2B) 

condition, the experimenter moved the participants’ paretic ankle through the achievable range of 

motion they could tolerate. Participants were instructed to be as relaxed as possible and to allow 

the experimenter to complete each movement. The researcher placed one hand around the 

metatarsal heads and the other hand cupped under the heel proximal to the malleoli. The researcher 

maintained continuous hand contact with the foot throughout all trials to regulate and account for 

any potential impact of additional somatosensory input resulting from touching the foot. The 

comfortable range of motion was determined by a physiotherapist prior to the condition in each 

participant. The patient’s leg was supported by pillows allowing the ankle to move freely. 

For the SS condition, the experimenter applied light touch somatosensation using a 

reformed paperclip for all but one participant (reformed safety pin used for the first participant) in 

accordance with the metronome (Figure 3A). The change from a safety pin to a paperclip was due 

to slight twitching induced by the sharpness of the safety pin. The same sensory stimulation site, 

L4 (ankle dorsiflexors), was selected for all participants according to the American Spinal Injury 

 

A 
B 

A B C 

Figure 3. (A). Reformed paperclip tool used for SS with point A and point B, (B). An example 

of how a researcher starts the application of SS around the ankle at point A and (C). An 

example of how a researcher ends the application of SS around the ankle at point B. 
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Association (ASIA) impairment scale.[173] The experimenter placed their thumb and index finger 

at point A of the SS tool and slid down to point B to apply even pressure to the skin of all 

participants (Figure3B, Figure 3C). The experimenter avoided any part of their hand touching the 

participant’s skin to avoid additional somatosensory input.  

2.2.4 Outcome Measures 

Demographic and medical history information was obtained prior to data collection 

through data extraction from medical charts, which included age, sex, lesioned hemisphere, depth 

of lesion (cortical or subcortical), type of stroke, time since stroke, stroke location and the Berg 

Balance Scale score. The Berg Balance Scale score were collected to quantify balance functions.  

2.2.4.1 Fugl-Meyer Lower Extremity Assessment 

The Fugl-Meyer Lower Extremity Assessment (FMLE) was conducted by a trained 

physiotherapist within 7 days of the fNIRS assessment. FMLE assesses sensorimotor impairments 

in the stroke population, including motor functioning, balance, sensation, and joint functioning, 

and is a recommended outcome measure for individuals living after stroke.[76] FMLE is proven 

to have a high inter- and intra-rater reliability and can reliably assess poststroke sensorimotor 

impairment severity for clinical practice or rehabilitation research.[77] The sensory and motor 

function evaluations of the FMLE assessment were completed. (Appendix B)  

2.2.4.2 Laterality Index 

The laterality index (LI) represents interhemispheric asymmetry and is commonly used in 

people who have had a stroke.[174] Many recent fNIRS studies have involved LI to address 

interhemispheric asymmetry, ranging from testing the agreement between LI from fMRI and 

fNIRS to assessing interhemispheric asymmetry in the patient population (e.g., subcortical 

stroke).[175,176]  
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To measure interhemispheric asymmetry during sensorimotor conditions, we have 

calculated the LI for both HbO and HbR using the following equation[177]:  

𝐿𝐼 =  
𝛥𝐼𝑝𝑠𝑖 −  𝛥𝐶𝑜𝑛𝑡𝑟𝑎

𝛥𝐼𝑝𝑠𝑖 +  𝛥𝐶𝑜𝑛𝑡𝑟𝑎
 

ΔIpsi and ΔContra represent the Hb concentration change within the PFC in the ipsilesional and 

contralesional hemispheres, respectively.[178] The change in concentration is determined by 

subtracting the mean of baseline values (measured before the start of the condition: -2s to -0.02s) 

from the mean condition values (measured throughout condition performance: 0 to 20s).[179] This 

equation yields a value for LI between -1 < LI < +1, where a negative value of LI indicates more 

contralesional activation and a positive value indicates more ipsilesional activation.[180] An LI 

value of “− 1” indicates complete contralesional hemisphere dominance, an LI value of “+ 1” 

indicates complete ipsilesional hemisphere dominance, and an LI value between “+ 0.2” and “− 

0.2” indicates bilateral activation.[178,181] Furthermore, the LI was plotted against the FMLE to 

visually display the relationship between interhemispheric asymmetry and clinical outcome 

measures.  

2.2.5 Data Analysis 

2.2.5.1 fNIRS data analysis 

fNIRS data were processed by using open-source software HOMER3 [182], which is 

implemented in MATLAB (Mathworks, 2017b, Natick, MA, USA). All HOMER3 functions and 

corresponding parameters are indicated within square brackets. The raw fNIRS intensity data were 

first converted to optical density [hmrR_Intesnity2OD] and a lowpass filter of 0.15 Hz was applied 

to the data to remove high-frequency noise [hmrR_BandpassFilt:Bandpass_Filter_OpticalDensity: 

lpf = 0.15].[163,183] Optical density data was then converted into relative concentration changes 

of oxy-hemoglobin (HbO) and deoxy-hemoglobin (HbR) based on the modified Beer-Lambert law 
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[hmrR_OD2Conc: ppf = 6.0 6.0].[184–186] Last, the hemodynamic response was estimated using 

the general linear model [hmrR_GLM_old] with an ordinary least squares approach 

[glmSolveMethod = 1], and consecutive sequence of gaussian functions [idxBasis = 1] as the type 

of basis function [trange = − 5.0 30.0, paramsBasis = 0.5 0.5, rhoSD_ssThresh = 0, 

flagNuisanceRmethod = 1, driftOrder = 3, c_vector = 0].[163,187] 

After processing the fNIRS signal, we exported the data into Excel spreadsheets. Because 

our sample size is small (n=9), we did not proceed with statistical analysis. Instead, we inspected 

each figure visually for results. We calculated the mean and standard deviation of both HbO and 

HbR during the baseline and condition period for each condition and participant. We then plotted 

the line charts for objectives 1&2, and scatter plots for objective 3. LI values were also calculated 

for objective 2.  

2.2.5.2 Outliers  

Outlier calculation was applied to the LI values by determining the interquartile range 

(IQR). Outliers were defined using the follower equation where Q1 represents the first quartile and 

Q3 represents the third quartile: outlier < Q1 - 1.5*(IQR) or outlier > Q3 + 1.5*(IQR).[188] 

2.3 Results 

2.3.1 Overall Flow of the Study 

Overall, the study protocol was straightforward. Since the equipment preparation was 

completed prior to the participant's arrival, the fNIRS device was ready for immediate use after 

placing the device on the participant. The duration for data collection was about 1 hour. No 

participants reported discomfort while wearing the fNIRS device. Our first participant displayed 

slight twitching and reported minor discomfort due to the use of the sharp end of a safety pin during 
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the SS condition, so we modified the stimulation tool to a reformed paperclip for all the other 

participants. Participants have all completed all conditions as described.  

 The results came from nine participants who completed the assessment. Thirteen 

individuals were enrolled in the study. Four participants were not able to complete the data 

collection session and the reasons for dropouts include diagnoses of neurological disorders 

identified after consent, chronic health problems hindering participation, and incompatible 

placement of the fNIRS device. More details can be found in Appendix C. Enrollment was affected 

due to the COVID-19 pandemic. When the stroke unit was on outbreak, researchers were not 

allowed to be on the unit until the outbreak was over. Since the stroke unit experienced multiple 

outbreaks, enrollment in this study was restricted. 

 

Table 1| Summary of participant demographic and clinical characteristics. (n=9) 

 

Values are presented as [Mean ± (SD)]. Abbreviations: FMLE, Fugl-Meyer Lower Extremity Assessment. 

 

Age  65.2 ± (14.4) Years 

Sex (Female/Male) 5/4 

Time Since Stroke (Days)  38.9 ± (28.1)  

Lesion Depth (Cortical/Subcortical/Unknown) 1/7/1 

Lesion Side (Left/Right) 3/6 

Stroke Type (Ischemic/Hemorrhagic/Unknown) 7/1/1 

Berg Balance Scale (/56 Max)  23.3 ± (20.0) 

FMLE-Motor (/34 Max)  17.9 ± (6.8) 

FMLE-Sensory (/12 Max)  10.8 ± (2.3) 

FMLE-Total (/46 Max)  29.0 ± (7.0) 
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2.3.2 Demographic and Clinical Characteristics 

Table 1 shows a summary of participant demographics. Detailed individual participant 

data are presented in Appendix D. All nine participants completed the active, passive and SS 

conditions. Two participants had fewer repetitions for the active or the SS conditions due to signal 

pollution. Details are demonstrated in Appendix E.  

2.3.3 Objective 1: PFC Activation During Ankle Conditions 

An increase in HbO concentration was observed in all conditions for the bilateral PFC 

(Figure 4). Active, passive and SS conditions all peaked around a similar amplitude for the 

ipsilesional HbO. In the contralesional PFC, the active condition had the most changes in 

amplitude in HbO, followed by the SS condition and then the passive condition. The active 

condition showed an initial decrease in ipsilesional PFC at approximately 0-5s followed by an 

increase starting at 5s and peaking around 10s. The ipsilesional PFC HbO concentration started to 

decrease after around 18s. Similar patterns were shown in the contralesional PFC with the 

distinction of an initial increase between 0-3s instead of a decrease. The HbO activation patterns 

were similar for the passive and the SS condition in both hemispheres. The passive condition 

displayed an initial decrease from 0 to approximately 5 seconds followed by an increase. This 

increase in HbO concentration remained elevated until around 20s. Furthermore, the HbO values 

for the active condition peaked about 5s earlier than both the passive and SS conditions. The active 

condition reached its maximum concentration value at around 8-13s while both passive and SS 

conditions reached their maximum concentration value around 13-18s. Similar results across 

conditions were found bilaterally for HbR. All conditions stayed relatively close to 0. Increasing 

HbR patterns in the SS and the passive condition were observed in contrast with a decreasing 

pattern in the active condition. Ipsilesional HbR showed greater differences between conditions 

than contralesional HbR.   
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HbO Ipsi HbO Contra 

HbR Ipsi 

 

HbR Contra 

 

Figure 4. Mean and SD (shaded) of PFC activation during three conditions: active and passive ankle dorsiflexion and 

plantarflexion and SS. 
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Legend for Figure 4: Solid line represents the active condition; dotted line represents the passive condition; dashed line represents the 

SS condition. HbO, oxygenated hemoglobin; HbR, deoxygenated hemoglobin; HbO Ipsi, HbO ipsilesional; HbO Contra, HbO 

Contralesional; HbR Ipsi, HbR ipsilesional; HbR Contra, HbR Contralesional; SD, Standard Deviation  
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HbO Active HbO Passive HbO SS 

HbR Active HbR Passive 
HbR SS 

 

Figure 5. Mean and SD (shaded) of PFC activation for ipsilesional and contralesional hemisphere during three conditions: active and passive ankle 

dorsiflexion and plantarflexion and SS. 

 
Legend: Solid line represents contralesional PFC activation and dashed line represents ipsilesional PFC activation. Ipsi, ipsilesional; Contra, Contralesional; 

SD, Standard Deviation; HbO, oxygenated hemoglobin; HbR, deoxygenated hemoglobin; SS, somatosensory stimulation. 
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2.3.4 Objective 2: PFC Activation Between Hemispheres During Ankle 

Conditions 

 

Based on visual inspection (Figure 5), the contralesional hemisphere showed greater HbO 

concentration than the ipsilesional in the active conditions and bilateral activation for the passive 

and SS conditions. In the active condition, the difference between hemispheres was more visually 

apparent than in the passive and SS conditions. The contralesional HbO concentration increased 

after the start of the active condition and peaked at around 10s. The decrease in HbO values 

initiated after the peak and continued to decrease until the active condition was finished. The 

ipsilesional HbO data showed similar patterns as contralesional but with a smaller amplitude of 

change, indicating more contralesional PFC activation during the active condition. For the passive 

and SS conditions, the bilateral activation was found as both ipsilesional and contralesional 

activation overlapped each other. The amplitude of increase in HbO from the contralesional PFC 

was the highest in active conditions compared to that of the passive and SS conditions. For HbR, 

the active condition displayed a decrease in both ipsilesional and contralesional PFC. In the passive 

and the SS conditions, contralesional and ipsilesional PFC activation stayed relatively unchanged 

compared to the baseline. 

To compare interhemispheric asymmetry, LI was calculated for each participant during 

each condition (Table 2). Three numbers were identified as outliers and were excluded from the 

calculation of the mean and SD. Aside from outliers, 3 LI values from each group of HbO active, 

HbR active and HbR passive and 1 value from each group of HbO passive and HbO SS were 

outside of the expected range of -1 to +1.[174,181] Table 3 listed the mean and SD of LI during 

each condition. The LI values (mean ± SD) were 0.7±0.9 for HbO active, -0.2±0.7 for HbO passive, 

-0.5±0.7 for HbO SS in the PFC. This result may indicate more ipsilesional PFC activation for the 
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Table 2| LI and FMLE scores for each participant during three conditions using both HbO 

and HbR concentration. 

A positive number indicates more ipsilesional PFC activation and a negative number indicates more contralesional PFC activation; 

* indicates outliers; Underline indicates LI values that are beyond the expected range of -1 to +1. Abbreviations: LI, Laterality 

index; FMLE, Fugl-Meyer Lower Extremity; HbO, Oxygenated hemoglobin; HbR, Deoxygenated hemoglobin. 

 

 

Table 3| Mean ± SD of LI for three conditions: active, passive, and SS and Mean ± SD of 

FMLE-M, FMLE-S, FMLE-T. 

 HbO HbR FMLE-M FMLE-S FMLE-T 

Active 0.7±0.9 1.0±1.3 

17.9 ± (6.8) 10.8 ± (2.3) 29.0 ± (7.0) Passive -0.2±0.7 -0.2±1.0* 

SS -0.5±0.7* 0.2±0.3* 

 * indicates n=8 for the calculation of LI due to excluded values of outliers; Abbreviations: HbO, oxygenated hemoglobin; HbR, 

deoxygenated hemoglobin; FMLE-M, the motor portion of the Fugl-Meyer Lower Extremity Assessment; FMLE-S, the sensory 

portion of the Fugl-Meyer Lower Extremity Assessment; FMLE-T, the total score of the Fugl-Meyer Lower Extremity Assessment 

 

 HbO HbR FMLE 

Participant 

No. 

Active Passive SS Active Passive SS Motor 

(/34) 

Sensory 

(/12) 

Total 

(/46) 

1 0.03 -1.67 -1.85 0.21 -1.74 0.22 24 10 34 

2 0.08 -0.31 -0.33 1.30 -0.15 0.20 11 12 23 

3 0.36 0.57 -0.48 -0.39 0.13 0.17 6 11 17 

4 1.32 0.06 -0.76 0.66 1.49 0.23 19 12 31 

5 1.17 -0.13 0.35 0.28 -1.19 0.68 22 11 33 

6 0.57 0.87 0.12 2.94 0.34 -0.34 14 12 26 

7 -0.09 -0.36 22.28* 0.20 29.87* 0.06 26 12 38 

8 0.37 -0.71 0.03 0.64 -0.60 0.38 24 12 36 

9 2.74 -0.40 -0.78 3.33 -0.05 -1.26* 15 5 20 
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active condition, bilateral PFC activation for the passive condition and more contralesional 

activation for the SS condition.  

The LI values (mean ± SD) were 1.0±1.3 for HbR in the active condition, -0.2±1.0 for HbR 

in the passive condition, and 0.2±0.3for HbR in the SS condition. This result might suggest an 

ipsilesional dominance in the active condition, and bilateral activation in the passive condition and 

the SS condition.  

Comparing Figure 5 and the LI value from Table 3, the results appeared to display both 

agreement and disagreement with each other. They potentially indicated bilateral activation for the 

passive condition. However, Figure 5 showed an increase in contralesional PFC activation as 

opposed to the LI values, which could indicate more ipsilesional PFC activation. Figure 5 also 

showed bilateral PFC activation for the SS condition, but the LI implied contralesional activation 

for the SS HbO and bilateral for SS HbR.   

2.3.5 Objective 3: Relationship Between LI and FMLE  

We evaluated the relationship between interhemispheric asymmetry of the PFC activity 

during the conditions and FMLE scores. Sensorimotor conditions (active and passive ankle 

plantarflexion and dorsiflexion) were plotted with FMLE-M and SS was plotted with FMLE-S. 

HbO SS, HbR passive and HbR SS were plotted with 8 individuals instead of 9 due to outliers.  

Figure 6A showed the scatter plot of LI against FMLE-M for all 9 participants for the active 

condition. The results may have indicated a negative relationship between active LI and FMLE-M 

for both HbO and HbR. This suggested that higher scores on the FMLE-M (better functioning) 

relate to LI values closer to zero, indicating more bilateral PFC activation during active ankle 

movements. A negative relationship between passive LI and FMLE-M also appeared (Figure 6B). 

A higher score on the FMLE-M would be related to a more negative LI value or more 
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contralesional PFC activation. This could imply that individuals with better functions poststroke 

display an asymmetry that favours contralesional PFC during passive ankle conditions. Figure 6C 

showcased a positive relation between HbO LI with FMLE-S and a negative relation between HbR 

LI with FMLE-S during SS. In both cases, a higher score on the FMLE-S could be related to a LI 

value closer to 0 (bilateral PFC activation). This explained individuals with better sensory 

functions could present bilateral PFC activation during the SS conditions. 

 

Figure 6. (A) Relation between LI during the active condition and FMLE-M. (B) Relation between LI 

during the passive condition and FMLE-M. (C) Relation between LI during SS and FMLE-S. 

A B* 

C* 

 

 

Legend: * indicates outliers existed and excluded within the group (HbO SS, HbR passive and HbR SS were 

plotted with n=8 and all other conditions contain n=9). Abbreviations: LI, Laterality Index; FMLE-M, the 

motor portion of the Fugl-Meyer Lower Extremity Assessment; FMLE-S, the sensory portion of the Fugl-

Meyer Lower Extremity Assessment; FMLE-T, the total score of the Fugl-Meyer Lower Extremity Assessment; 

HbO, Oxygenated hemoglobin; HbR, Deoxygenated hemoglobin. 
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2.4 Discussion 

This is the first fNIRS study completed in people with a subacute stroke that compared the 

hemodynamic response profiles across the bilateral PFC during active ankle 

dorsiflexion/plantarflexion, passive ankle dorsiflexion/plantarflexion and a light touch 

somatosensory condition, as well as the relationship between PFC activation and FMLE. Our 

descriptive results partially supported our hypotheses and are in line with previous work.   

2.4.1 Activation of PFC: Active versus Passive versus SS  

Our result showed that there was a difference in PFC activation between the active 

condition, the passive condition, and the SS condition. This result partially supported our 

hypothesis that the greatest PFC activation would be found during the active condition. Contrary 

to our hypothesis, higher activation in the PFC was observed during the SS condition than the 

passive condition. The following are possible explanations for the results. First, compared with the 

passive and the SS conditions, active ankle movement requires voluntary motor control to execute 

the condition. Previous studies have found the PFC is the main brain region responsible for 

voluntary motor control.[138,139] Hence, it is logical that the PFC will be activated further to 

complete the active condition compared to passive and SS conditions. Secondly, the cognitive 

processing of passive ankle sensorimotor movements may be limited by somatosensory 

impairment. Impairment in somatosensation includes diminished somatosensory perception and 

proprioception and is common in people with subacute stroke.[26] While the participant may be 

able to feel SS, it is possible that their proprioception is not intact or is impaired. This could 

potentially explain how SS elicits a higher amplitude than passive conditions. Because 

proprioception was not assessed in the current study, we suggest that future studies could document 

both cutaneous somatosensation and proprioception during somatosensory assessments. Finally, 

the differences between the results in the studies that informed our hypothesis, and the current 
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study may be explained by the study population (i.e., people with chronic stroke compared to 

people with subacute stroke).[73,110] Brain recovery poststroke is progressive and varies across 

individuals.[189] Hence, it is possible that people with subacute stroke and people with chronic 

stroke display different brain activation patterns that contribute to distinct research findings during 

the performance of the same conditions.  

Of note, a decrease in HbR, which also indicates increased neural activation, was observed 

during active conditions in PFC. Previous fNIRS studies in walking poststroke have primarily 

reported findings in HbO concentrations.[31] Although reporting of HbR is recommended, few 

studies report these findings and further interpretation of the current findings is limited. [164,190] 

2.4.2 Atypical Laterality Index Values Among People with Stroke 

In both active and passive conditions, the LI findings from HbO are consistent with the LI 

results from HbR. They both presented that the active condition could elicit more ipsilesional PFC 

activation and the passive condition can activate the PFC bilaterally. However, LI results from 

HbO for the SS condition contradicted the LI values from HbR in that HbO LI suggested more 

contralesional PFC activation, whereas HbR LI may have demonstrated bilateral PFC activation. 

We speculate that this result may be attributed to the lack of guidelines in interpreting LI values 

from HbR concentrations. Moreover, interpreting the LI values from HbR is challenging since 

most studies solely report and interpret LI values calculated from HbO concentration.[177,191] It 

is possible that LI values from the HbR concentration follow a different threshold that indicates 

interhemispheric asymmetry. Further research on this topic is needed to fully understand the values 

of the current study. 

With the exception of outliers, a total of 10 LI values fell beyond the expected range of -1 

to +1 for HbO and HbR. A common characteristic observed among these values is that they have 
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different directions of change for the hemispheres meaning that positive values for one hemisphere 

and negative values for the other hemisphere. This could be explained by Borrell et al. who found 

that the General Linear Model analysis pipeline produced more inaccurate measures of brain 

laterality compared to other analysis methods such as block average.[181] Moreover, existing 

studies utilizing LI have primarily relied on fMRIs conducted on both clinical populations and 

healthy individuals.[178] There have been limited instances where fNIRS has been employed in 

LI calculations, particularly in the context of stroke-related research.[177] For example, He et al. 

used fNIRS to assess LI during walking in people with subacute stroke.[177] All LI values 

displayed were within the range of +1 and -1. We believe that the dissimilarity of results from He 

et al. and the current study could attribute to the nature of the conditions. The current study uses 

conditions that require more isolated movement rather than compound movements such as walking 

and standing. Walking or standing usually require the collective contribution of the entire body, 

whereas ankle sensorimotor functions are limited to peripheral joints and require engagement from 

one part of the body. This means the changes are more subtle and we may observe smaller changes 

in Hb amplitudes, subsequently affecting the values for LI. This suggests that future studies may 

consider incorporating conditions with a higher pace, faster tempo, or more repetitions.  

2.4.3 Different Ways to Investigate Interhemispheric Asymmetry  

We employed two methods to examine the interhemispheric asymmetry: visualizing Hb 

through plotting and utilizing the LI. Our plots may have indicated that the contralesional 

hemisphere showed greater PFC activation in active conditions and bilateral activation for passive 

and SS conditions. Interestingly, LI calculations yield a divergent outcome. LI calculation  

presented potentially more ipsilesional PFC activation for the active condition, bilateral activation 

for the passive condition, and contralesional or bilateral PFC activation for SS. These results 
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partially substantiated our hypothesis as supported by current literature.[70] The disparity in results 

can be attributed to variations in the specific brain regions of interest (primary motor cortex 

compared to PFC).[70]  

In healthy adults, the typical hemodynamic response to neural activation consists of 

increased HbO concentration and decreased HbR concentration compared to the baseline.[192] 

This assumes activation values will be positive for HbO and negative for HbR. However, our 

finding suggests that we should refrain from making such an assumption, considering that brain 

recovery happens in various ways poststroke. There is limited information regarding changes in 

Hb differences in atypical brains, such as the brain after a stroke.[192] We believe the underlying 

assumption regarding cortical activation needs to be revisited, as well as the approach researchers 

employ to investigate interhemispheric asymmetry. LI may not be the best approach to consider 

when assessing interhemispheric asymmetry, particularly in individuals who have experienced a 

stroke. 

We recognize the significance of interhemispheric asymmetry in exploration and the 

importance of examining it. However, we are uncertain if LI is the most accurate method to 

investigate laterality. Due to this concern, we believe that visualizing through plotting the 

hemodynamic response function could potentially provide a more accurate method for our study 

to examine interhemispheric asymmetry. Future research should explore alternative approaches 

for investigating interhemispheric asymmetry poststroke. 

2.4.4 FMLE and PFC Activation 

Although FMLE has not commonly been assessed during the investigation of cortical 

activation in previous research, our study showed similar results as the richer body of literature 

that assessed upper extremity FM. Our result showcased that bilateral PFC activation was found 
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in better-functioning individuals with subacute stroke for SS conditions. This observation is logical 

since healthy adults typically exhibit bilateral activation in brain regions (e.g., the primary 

somatosensory cortex) during cutaneous somatosensation stimulation in the lower extremity.[128–

131] Consequently, improved sensory functions in the lower extremity in people with subacute 

stroke are thought to resemble similar brain activation patterns of a healthy adult. Similarly, for 

the active condition, bilateral PFC activation was found in our study. Our result corresponded with 

previous findings in people with chronic stroke during walking.[153] This result was coherent as 

active ankle movement is involved in walking, which is bilaterally activated.  

On the other hand, contralesional activation was associated with better functioning in 

passive ankle movements. We presume that our result can relate to unilateral (left PFC) activation 

observed during passive gait in healthy volunteers.[163] Consequently, the unilateral activation 

we are witnessing in individuals with higher functionality poststroke might resemble the brain 

activity patterns documented in healthy individuals. 

2.5 Limitations  

Our study had certain limitations. Overall, this protocol can be easily adhered to with 

potential modifications (e.g., faster tempo) regarding recruitment strategies. We think the major 

obstacle that resulted in the small sample size was restricted access to the inpatient stroke unit due 

to the COVID-19 outbreaks. We were solely recruiting participants from the inpatient stroke unit 

of a hospital that experienced ongoing outbreaks throughout the data collection period. It is crucial 

to acknowledge that certain individuals may not attend inpatient rehabilitation following a stroke 

due to various factors, such as limited access to healthcare and higher/lower levels of functions 

than the admission requirements. This circumstance may result in a potential limitation of our 

participant pool by excluding these individuals, which means our participants do not represent 
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everyone who has had a stroke. Future studies should consider these factors during the recruitment 

process. Because of our small sample size, the between-participant variability is likely high within 

the PFC.[193] This large between-subject variability likely contributes to the variation in results. 

Hence, we opted to visualize the results through plots instead of statistical analysis, as we believe 

this approach best suits the objectives of our study. This limitation should also inform future 

studies to have a potentially bigger sample size by recruiting from multiple sites or longer 

recruitment periods.  

Second, this study solely focused on PFC, while the role of the primary motor cortex and 

primary somatosensory cortex in ankle sensorimotor control was not investigated. This is a 

limitation of the fNIRS device that we used. The placement of our fNIRS device is limited to the 

PFC since it cannot be used on hair-covered areas of the scalp. However, other brain regions are 

worth investigating during ankle sensorimotor conditions. Previous fNIRS studies showed 

increased activation in the primary motor cortex and the primary somatosensory cortex during 

walking in people with hemiparesis compared with during healthy gait.[177] This suggests that 

future studies should investigate these areas in addition to PFC during ankle sensorimotor 

conditions with a whole-cap fNIRS device. Third, the interpretation of LI values calculated from 

HbR concentration changes is limited due to underreported HbR LI values in the current literature. 

Most studies only report LI values calculated from HbO concentration changes, and they report 

that HbO is more sensitive than HbR to changes in hemodynamic response.[181,194] However, 

we think that both HbO LI and HbR LI values should be reported regardless of the significance of 

the values. We have also encountered values that fall outside the expected range, limiting our 

ability to interpret them. It is important to note that other studies either did not report such values 

or did not have any values outside the expected range. We are confident that the data analysis 

process itself did not introduce these outliers, affirming the reliability of our results. To address 
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this issue, we believe that increasing the sample size and employing conditions with a faster tempo 

or pace may offer a potential solution as these changes to the conditions may produce larger signals. 

Finally, leg dominance was not documented in this study. We did not consider leg dominance to 

be relevant to cortical changes because walking involves bilateral and whole-body movement, 

unlike upper-body activities that tend to be more specific and complex. Additionally, individuals 

commonly exhibit a preference for using one hand over the other; whereas it is less common for 

people to identify a favourable leg to utilize.[195] Leg dominance was typically not recorded in 

lower-extremity studies, but future studies could potentially record this information to investigate 

if a difference could be observed.[31]  

2.6 Conclusion 

In conclusion, this is the first exploratory study that utilized fNIRS to assess PFC activation 

during active and passive ankle dorsiflexion and plantarflexion and SS conditions in people with 

subacute stroke. Our results showed that there was more PFC activation in the active condition 

compared to the passive condition and the SS condition around the ankle. Two methods which 

investigated interhemispheric asymmetry in people with subacute stroke provided similar findings 

for the active and passive conditions and divergent findings for the SS condition. Specifically, both 

methods demonstrated that active ankle movement was related to asymmetrical PFC activation 

and passive elicited bilateral activation. The plotting method showed that SS was related to 

bilateral PFC activation, while the LI values indicated SS was related to more contralesional PFC 

activation from HbO values and bilateral activation from HbR values. Future research is needed 

to verify this finding and to improve methods used to address interhemispheric asymmetry. 

Participants who had better lower extremity functions showed bilateral PFC activation during 

active and SS conditions, whereas more contralesional PFC activation is found in the passive 
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condition. Overall, our study provided exploratory results that assist in understanding the role of 

PFC in ankle sensorimotor functions in people with subacute stroke. This also provides a 

theoretical basis for a better understanding of post-stroke ankle sensorimotor deficits and the 

development of strategies to optimize safe mobility after stroke. 
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3 CHAPTER 3 

The main objective of the thesis was to understand PFC activation during active and 

passive ankle plantarflexion and dorsiflexion and somatosensory stimulation (SS) around the ankle 

among people with subacute stroke, as well as its relationship with FMLE. We discovered most 

PFC activation during the active condition, followed by the SS condition and the passive condition. 

However, the activation amplitude was relatively smaller compared to walking or standing 

conditions reported in the literature. Hence, we recommend future studies to employ more 

repetitions or faster pace for ankle sensorimotor conditions. Interhemispheric asymmetry was 

evaluated using plotting and LI. The results from LI were consistent with results from plots that 

active ankle movement was related to asymmetrical PFC activation; passive elicited bilateral 

activation; SS was related to asymmetrical but close to bilateral PFC activation. However, 

divergent findings were found between the two methods regarding the type of asymmetry (either 

more ipsilesional or contralesional activation) in active and SS conditions. We speculate that this 

discrepancy may be attributed to the lack of guidelines in interpreting LI values using fNIRS, 

especially from HbR concentrations. Interpreting the LI values from HbR is challenging since most 

studies solely report and interpret LI values calculated from HbO concentration.[177,191] It is 

possible that LI values from HbR concentration follow a different threshold that indicates bilateral 

activation, ipsilesional activation and contralesional activation. Further research on this topic is 

needed to comprehensively understand the values of the current study. 

Our result also attempted at clarifying the relationship between FMLE and PFC activation. 

Our results indicated that bilateral PFC activation were found in participants with better functions 

during active and SS conditions, and contralesional PFC activation during passive conditions. The 

findings of this thesis are novel additions to the current stroke literature and provide the 

fundamental knowledge of the connection between PFC activation and ankle sensorimotor 
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functions poststroke. Poststroke recovery varies among individuals, which means brain activation 

should be monitored individually to aid in understanding recovery.  

The results of this study can help inform the protocol for assessing cortical activation 

during ankle sensorimotor conditions in a clinical setting with people with subacute stroke. One 

area that can be developed from the work of this thesis to effectively address variability in brain 

activation among people with subacute stroke during ankle sensorimotor conditions is to 

understand how Canadian healthcare professionals address brain recovery in clinical practice. It is 

recommended to practise personalized care and that would be best achieved through the use of a 

portable and affordable neuroimaging device to monitor brain activation, such as fNIRS.  

To continue to comprehensively understand cortical activities during ankle sensorimotor 

conditions among people with subacute stroke, expanding research to include other brain regions 

can use the findings that emerged from this thesis as a comparator to identify the brain regions that 

exhibit the most significant activation during ankle sensorimotor conditions. Future research that 

uses fNIRS should be aware of the duration of the study as a longer setup contributes to a longer 

time wearing the device, which could potentially be uncomfortable for some participants. Future 

studies that investigate people with chronic stroke or use other functional movements could 

potentially use the PFC activation figures within the present studies for comparison across study 

samples. Additionally, future studies should also attempt to clarify interhemispheric asymmetry 

during ankle sensorimotor conditions as this study found divergent results from two methods (LI 

and plotting). This contributes to the ongoing debate in the literature regarding the significance of 

asymmetrical patterns of activation in functional recovery. The introduction of fNIRS as a 

monitoring tool can potentially benefit recovery poststroke and inform better rehabilitation 

strategies by providing more individualized care and more accurate prediction of recovery for 

people who have had a stroke. 



 49 

4 REFERENCES 

[1] Holodinsky JK, Lindsay P, Yu AYX, Ganesh A, Joundi RA, Hill MD. Estimating the 

Number of Hospital or Emergency Department Presentations for Stroke in Canada. 

Canadian Journal of Neurological Sciences 2022:1–6. 

https://doi.org/10.1017/CJN.2022.338. 

[2] Stroke in Canada is on the rise | Heart and Stroke Foundation n.d. 

https://www.heartandstroke.ca/what-we-do/media-centre/news-releases/stroke-in-canada-

is-on-the-rise (accessed June 7, 2023). 

[3] Branvo JP, Oliveira S, Sargento-Freitas J, Laíns J, Pinheiro J. Assessing functional 

recovery in the first six months after acute ischemic stroke: a prospective, observational 

study. Eur J Phys Rehabil Med 2019;55:1–7. https://doi.org/10.23736/S1973-

9087.18.05161-4. 

[4] Duncan PW, Goldstein LB, Matchar D, Divine GW, Feussner J. Measurement of motor 

recovery after stroke. Outcome assessment and sample size requirements. Stroke 

1992;23:1084–9. https://doi.org/10.1161/01.STR.23.8.1084. 

[5] Ward A, Payne KA, Caro JJ, Heuschmann PU, Kolominsky-Rabas PL. Care needs and 

economic consequences after acute ischemic stroke: the Erlangen Stroke Project. Eur J 

Neurol 2005;12:264–7. https://doi.org/10.1111/J.1468-1331.2004.00949.X. 

[6] Al-Qazzaz NK, Ali SH, Ahmad SA, Islam S, Mohamad K. Cognitive impairment and 

memory dysfunction after a stroke diagnosis: a post-stroke memory assessment. 

Neuropsychiatr Dis Treat 2014;10:1677. https://doi.org/10.2147/NDT.S67184. 

[7] Flansbjer UB, Downham D, Lexell J. Knee muscle strength, gait performance, and 

perceived participation after stroke. Arch Phys Med Rehabil 2006;87:974–80. 

https://doi.org/10.1016/J.APMR.2006.03.008. 

[8] Clarke P, Marshall V, Black SE, Colantonio A. Well-being after stroke in Canadian 

seniors: findings from the Canadian Study of Health and Aging. Stroke 2002;33:1016–21. 

https://doi.org/10.1161/01.STR.0000013066.24300.F9. 

[9] National Clinical Guideline Centre. Stroke Rehabilitation: Long Term Rehabilitation After 

Stroke 2013. 

[10] Hilari K, Northcott S. “Struggling to stay connected”: comparing the social relationships 

of healthy older people and people with stroke and aphasia. 

Https://DoiOrg/101080/0268703820161218436 2016;31:674–87. 

https://doi.org/10.1080/02687038.2016.1218436. 

[11] Patterson SL, Forrester LW, Rodgers MM, Ryan AS, Ivey FM, Sorkin JD, et al. 

Determinants of walking function after stroke: differences by deficit severity. Arch Phys 

Med Rehabil 2007;88:115–9. https://doi.org/10.1016/J.APMR.2006.10.025. 

[12] Mayo NE, Wood-Dauphinee S, Côté R, Durcan L, Carlton J. Activity, participation, and 

quality of life 6 months poststroke. Arch Phys Med Rehabil 2002;83:1035–42. 

https://doi.org/10.1053/APMR.2002.33984. 

[13] Webber SC, Porter MM, Menec VH. Mobility in older adults: a comprehensive 

framework. Gerontologist 2010;50:443–50. https://doi.org/10.1093/GERONT/GNQ013. 

[14] Moreland JD, Depaul VG, Dehueck AL, Pagliuso SA, Yip DWC, Pollock BJ, et al. Needs 

assessment of individuals with stroke after discharge from hospital stratified by acute 

Functional Independence Measure score. Disabil Rehabil 2009;31:2185–95. 

https://doi.org/10.3109/09638280902951846. 



 50 

[15] Carod-Artal J, Egido JA, González JL, Seijas EV. Quality of Life Among Stroke 

Survivors Evaluated 1 Year After Stroke. Stroke 2000;31:2995–3000. 

https://doi.org/10.1161/01.STR.31.12.2995. 

[16] Rössler R, Bridenbaugh SA, Engelter ST, Weibel R, Infanger D, Giannouli E, et al. 

Recovery of mobility function and life-space mobility after ischemic stroke: The 

MOBITEC-Stroke study protocol. BMC Neurol 2020;20:1–11. 

https://doi.org/10.1186/S12883-020-01920-Z/FIGURES/2. 

[17] Lord SE, McPherson K, McNaughton HK, Rochester L, Weatherall M. Community 

ambulation after stroke: how important and obtainable is it and what measures appear 

predictive? Arch Phys Med Rehabil 2004;85:234–9. 

https://doi.org/10.1016/J.APMR.2003.05.002. 

[18] Rudberg AS, Berge E, Laska AC, Jutterström S, Näsman P, Sunnerhagen KS, et al. Stroke 

survivors’ priorities for research related to life after stroke. 

Https://DoiOrg/101080/1074935720201789829 2020:1–6. 

https://doi.org/10.1080/10749357.2020.1789829. 

[19] Perry J, Garrett M, Gronley JK, Mulroy SJ. Classification of Walking Handicap in the 

Stroke Population. Stroke 1995;26:982–9. https://doi.org/10.1161/01.STR.26.6.982. 

[20] Blennerhassett JM, Levy CE, Mackintosh A, Yong A, McGinley JL. One-Quarter of 

People Leave Inpatient Stroke Rehabilitation with Physical Capacity for Community 

Ambulation. Journal of Stroke and Cerebrovascular Diseases 2018;27:3404–10. 

https://doi.org/10.1016/J.JSTROKECEREBROVASDIS.2018.08.004. 

[21] Zwergal A, Linn J, Xiong G, Brandt T, Strupp M, Jahn K. Aging of human supraspinal 

locomotor and postural control in fMRI. Neurobiol Aging 2012;33:1073–84. 

https://doi.org/10.1016/J.NEUROBIOLAGING.2010.09.022. 

[22] Clark DJ. Automaticity of walking: Functional significance, mechanisms, measurement 

and rehabilitation strategies. Front Hum Neurosci 2015;9:136569. 

https://doi.org/10.3389/FNHUM.2015.00246/BIBTEX. 

[23] Johnson C, Hallemans A, Verbecque E, de Vestel C, Herssens N, Vereeck L. Aging and 

the relationship between balance performance, vestibular function and somatosensory 

thresholds. Journal of International Advanced Otology 2020;16:328–37. 

https://doi.org/10.5152/IAO.2020.8287. 

[24] Perry SD, McIlroy WE, Maki BE. The role of plantar cutaneous mechanoreceptors in the 

control of compensatory stepping reactions evoked by unpredictable, multi-directional 

perturbation. Brain Res 2000;877:401–6. https://doi.org/10.1016/S0006-8993(00)02712-8. 

[25] Meinders M, Gitter A, Czerniecki JM. THE ROLE OF ANKLE PLANTAR FLEXOR 

MUSCLE WORK DURING WALKING. 1998. 

[26] Connell L, Lincoln N, Radford K. Somatosensory impairment after stroke: frequency of 

different deficits and their recovery. Clin Rehabil 2008;22:758–67. 

https://doi.org/10.1177/0269215508090674. 

[27] Winward CE, Halligan PW, Wade DT. Somatosensory recovery: A longitudinal study of 

the first 6 months after unilateral stroke. Disabil Rehabil 2007;29:293–9. 

https://doi.org/10.1080/09638280600756489. 

[28] Yu Z, Prado R, Quinlan EB, Cramer SC, Ombao H. Understanding the Impact of Stroke 

on Brain Motor Function: A Hierarchical Bayesian Approach. J Am Stat Assoc 

2016;111:549. https://doi.org/10.1080/01621459.2015.1133425. 

[29] Saltão Da Silva MA, Borich M. Commentary on: Increased Sensorimotor Cortex 

Activation With Decreased Motor Performance During Functional Upper Extremity Tasks 



 51 

Poststroke. Journal of Neurologic Physical Therapy 2019;43:151–2. 

https://doi.org/10.1097/NPT.0000000000000282. 

[30] Boyd LA, Hayward KS, Ward NS, Stinear CM, Rosso C, Fisher RJ, et al. Biomarkers of 

stroke recovery: Consensus-based core recommendations from the Stroke Recovery and 

Rehabilitation Roundtable. International Journal of Stroke 2017;12:480–93. 

https://doi.org/10.1177/1747493017714176. 

[31] Lim SB, Louie DR, Peters S, Liu-Ambrose T, Boyd LA, Eng JJ. Brain activity during 

real-time walking and with walking interventions after stroke: a systematic review. J 

Neuroeng Rehabil 2021;18:1–19. https://doi.org/10.1186/S12984-020-00797-

W/TABLES/6. 

[32] Research in priority areas - CIHR n.d. https://cihr-irsc.gc.ca/e/50077.html (accessed July 

27, 2023). 

[33] Strangman G, Goldstein R, Rauch SL, Stein J. Near-Infrared Spectroscopy and Imaging 

for Investigating Stroke Rehabilitation: Test-Retest Reliability and Review of the 

Literature. Arch Phys Med Rehabil 2006;87:12–9. 

https://doi.org/10.1016/j.apmr.2006.07.269. 

[34] Jørgensen HS, Nakayama H, Raaschou HO, Vive-Larsen J, Støier M, Olsen TS. Outcome 

and time course of recovery in stroke. Part II: Time course of recovery. The Copenhagen 

Stroke Study. Arch Phys Med Rehabil 1995;76:406–12. https://doi.org/10.1016/S0003-

9993(95)80568-0. 

[35] Rea M, Rana M, Lugato N, Terekhin P, Gizzi L, Brötz D, et al. Lower limb movement 

preparation in chronic stroke: A pilot study toward an fnirs-bci for gait rehabilitation. 

Neurorehabil Neural Repair 2014;28:564–75. 

https://doi.org/10.1177/1545968313520410/ASSET/IMAGES/LARGE/10.1177_1545968

313520410-FIG2.JPEG. 

[36] Oh K, Park J, Jo SH, Hong SJ, Kim WS, Paik NJ, et al. Improved cortical activity and 

reduced gait asymmetry during poststroke self-paced walking rehabilitation. J Neuroeng 

Rehabil 2021;18:1–12. https://doi.org/10.1186/S12984-021-00859-7/FIGURES/6. 

[37] Takeuchi N, Izumi SI. Rehabilitation with Poststroke Motor Recovery: A Review with a 

Focus on Neural Plasticity. Stroke Res Treat 2013;2013:13. 

https://doi.org/10.1155/2013/128641. 

[38] Spironelli C, Angrilli A. Posture used in fMRI-PET elicits reduced cortical activity and 

altered hemispheric asymmetry with respect to sitting position: An EEG resting state 

study. Front Hum Neurosci 2017;11:310673. 

https://doi.org/10.3389/FNHUM.2017.00621/BIBTEX. 

[39] Lee MH, Smyser CD, Shimony JS. Resting-State fMRI: A Review of Methods and 

Clinical Applications. AJNR Am J Neuroradiol 2013;34:1866. 

https://doi.org/10.3174/AJNR.A3263. 

[40] Centers for Disease Control and Prevention. Stroke facts 2021. 

https://www.cdc.gov/stroke/facts.htm (accessed February 24, 2022). 

[41] The Public Health Agency of Canada. Economic Burden of Illness in Canada - Canada.ca 

n.d. https://www.canada.ca/en/public-health/services/chronic-diseases/chronic-disease-

knowledge-development-exchange/economic-burden-illness-canada.html (accessed 

January 19, 2023). 

[42] The Public Health Agency of Canada. Tracking Heart Disease and Stroke in Canada - 

Stroke Highlights 2011 - Canada.ca n.d. https://www.canada.ca/en/public-



 52 

health/services/chronic-diseases/cardiovascular-disease/tracking-heart-disease-stroke-

canada-stroke-highlights-2011.html (accessed January 19, 2023). 

[43] Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt MS, et al. Heart 

Disease and Stroke Statistics-2022 Update: A Report from the American Heart 

Association. Circulation 2022;145:E153–639. 

https://doi.org/10.1161/CIR.0000000000001052. 

[44] Sacco RL. Newer risk factors for stroke. Neurology 2001;57:S31–4. 

https://doi.org/10.1212/WNL.57.SUPPL_2.S31. 

[45] Flansbjer UB, Holmbäck AM, Downham D, Patten C, Lexell J. Reliability of gait 

performance tests in men and women with hemiparesis after stroke. J Rehabil Med 

2005;37:75–82. https://doi.org/10.1080/16501970410017215. 

[46] Wist S, Clivaz J, Sattelmayer M. Muscle strengthening for hemiparesis after stroke: A 

meta-analysis. Ann Phys Rehabil Med 2016;59:114–24. 

https://doi.org/10.1016/J.REHAB.2016.02.001. 

[47] Bindawas SM, Mawajdeh HM, Vennu VS, Alhaidary HM. Functional recovery 

differences after stroke rehabilitation in patients with uni- or bilateral hemiparesis. 

Neurosciences 2017;22:186. https://doi.org/10.17712/NSJ.2017.3.20170010. 

[48] Dobkin BH. Strategies for stroke rehabilitation. Lancet Neurol 2004;3:528. 

https://doi.org/10.1016/S1474-4422(04)00851-8. 

[49] Hemiplegia: What Is It, Causes, and More | Osmosis n.d. 

https://www.osmosis.org/answers/Hemiplegia (accessed June 7, 2023). 

[50] Hemiplegia: Definition, Causes, Symptoms & Treatment n.d. 

https://my.clevelandclinic.org/health/symptoms/23542-

hemiplegia#:~:text=Hemiplegia%20is%20paralysis%2C%20which%20means,paralysis%

20where%20muscles%20contract%20uncontrollably. (accessed June 7, 2023). 

[51] Enderby P, Pandyan A, Bowen A, Hearnden D, Ashburn A, Conroy P, et al. Accessing 

rehabilitation after stroke - a guessing game? Disabil Rehabil 2017;39:709–13. 

https://doi.org/10.3109/09638288.2016.1160448. 

[52] Bernhardt J, Hayward KS, Kwakkel G, Ward NS, Wolf SL, Borschmann K, et al. Agreed 

definitions and a shared vision for new standards in stroke recovery research: The Stroke 

Recovery and Rehabilitation Roundtable taskforce. Int J Stroke 2017;12:444–50. 

https://doi.org/10.1177/1747493017711816. 

[53] Lee KB, Lim SH, Kim KH, Kim KJ, Kim YR, Chang WN, et al. Six-month functional 

recovery of stroke patients: a multi-time-point study. Int J Rehabil Res 2015;38:173. 

https://doi.org/10.1097/MRR.0000000000000108. 

[54] Rønning OM, Guldvog B. Outcome of Subacute Stroke Rehabilitation. Stroke 

1998;29:779–84. https://doi.org/10.1161/01.STR.29.4.779. 

[55] Su F, Xu W. Enhancing Brain Plasticity to Promote Stroke Recovery. Front Neurol 

2020;11:554089. https://doi.org/10.3389/FNEUR.2020.554089. 

[56] Celnikl PA, Makey MJ, Fridman E, Cohen LG. Neuroplasticity. Neuroprosthetics: Theory 

and Practice: Second Edition 2022:192–212. 

https://doi.org/10.1142/9789813207158_0008. 

[57] Chang WH. Personalized Approaches to Stroke: One Step Forward for Functional 

Recovery of Stroke Patients. J Pers Med 2022;12. https://doi.org/10.3390/JPM12050822. 

[58] Jiang T, Wu W, Wang X, Weng C, Wang Q, Guo Y. Activation of brain areas following 

ankle dorsiflexion versus plantar flexion: Functional magnetic resonance imaging 



 53 

verification★. Neural Regen Res 2012;7:501. https://doi.org/10.3969/J.ISSN.1673-

5374.2012.07.004. 

[59] Traversa R, Cicinelli P, Oliveri M, Giuseppina Palmieri M, Maddalena Filippi M, 

Pasqualetti P, et al. Neurophysiological follow-up of motor cortical output in stroke 

patients. Clinical Neurophysiology 2000;111:1695–703. https://doi.org/10.1016/S1388-

2457(00)00373-4. 

[60] Luft AR, Forrester L, Macko RF, McCombe-Waller S, Whitall J, Villagra F, et al. Brain 

activation of lower extremity movement in chronically impaired stroke survivors. 

Neuroimage 2005;26:184–94. https://doi.org/10.1016/J.NEUROIMAGE.2005.01.027. 

[61] Liepert J, Restemeyer C, Kucinski T, Zittel S, Weiller C. Motor strokes: the lesion 

location determines motor excitability changes. Stroke 2005;36:2648–53. 

https://doi.org/10.1161/01.STR.0000189629.10603.02. 

[62] Lukács M, Vécsei L, Beniczky S. Large motor units are selectively affected following a 

stroke. Clinical Neurophysiology 2008;119:2555–8. 

https://doi.org/10.1016/J.CLINPH.2008.08.005. 

[63] Hara Y, Masakado Y, Chino N. The physiological functional loss of single thenar motor 

units in the stroke patients: When does it occur? Does it progress? Clinical 

Neurophysiology 2004;115:97–103. https://doi.org/10.1016/j.clinph.2003.08.002. 

[64] Dattola R, Girlanda P, Vita G, Santoro M, Roberto ML, Toscano A, et al. Muscle 

Rearrangement in Patients with Hemiparesis after Stroke: An Electrophysiological and 

Morphological Study. Eur Neurol 1993;33:109–14. https://doi.org/10.1159/000116915. 

[65] Schaechter JD, Kraft E, Hilliard TS, Dijkhuizen RM, Benner T, Finklestein SP, et al. 

Motor recovery and cortical reorganization after constraint-induced movement therapy in 

stroke patients: a preliminary study. Neurorehabil Neural Repair 2002;16:326–38. 

https://doi.org/10.1177/154596830201600403. 

[66] Feydy A, Carlier R, Roby-Brami A, Bussel B, Cazalis F, Pierot L, et al. Longitudinal 

study of motor recovery after stroke: recruitment and focusing of brain activation. Stroke 

2002;33:1610–7. https://doi.org/10.1161/01.STR.0000017100.68294.52. 

[67] Berenguer-Rocha M, Baltar A, Rocha S, Shirahige L, Brito R, Monte-Silva K. 

Interhemispheric asymmetry of the motor cortex excitability in stroke: relationship with 

sensory-motor impairment and injury chronicity n.d. https://doi.org/10.1007/s10072-020-

04350-4/Published. 

[68] Calautti C, Baron JC. Functional neuroimaging studies of motor recovery after stroke in 

adults: a review. Stroke 2003;34:1553–66. 

https://doi.org/10.1161/01.STR.0000071761.36075.A6. 

[69] Guo F, Xu Q, Abo Salem HM, Yao Y, Lou J, Huang X. The neuronal correlates of mirror 

therapy: A functional magnetic resonance imaging study on mirror-induced visual 

illusions of ankle movements. Brain Res 2016;1639:186–93. 

https://doi.org/10.1016/J.BRAINRES.2016.03.002. 

[70] MacIntosh BJ, McIlroy WE, Mraz R, Staines WR, Black SE, Graham SJ. Electrodermal 

Recording and fMRI to Inform Sensorimotor Recovery in Stroke Patients. Neurorehabil 

Neural Repair 2008;22:728. https://doi.org/10.1177/1545968308316386. 

[71] Lim SB, Yang CL, Peters S, Liu-Ambrose T, Boyd LA, Eng JJ. Phase-dependent Brain 

Activation of the Frontal and Parietal Regions During Walking After Stroke - An fNIRS 

Study. Front Neurol 2022;13. https://doi.org/10.3389/fneur.2022.904722. 



 54 

[72] Luft AR, Forrester L, Macko RF, McCombe-Waller S, Whitall J, Villagra F, et al. Brain 

activation of lower extremity movement in chronically impaired stroke survivors. 

Neuroimage 2005;26:184–94. https://doi.org/10.1016/J.NEUROIMAGE.2005.01.027. 

[73] Enzinger C, Johansen-Berg H, Dawes H, Bogdanovic M, Collett J, Guy C, et al. 

Functional MRI Correlates of Lower Limb Function in Stroke Victims With Gait 

Impairment. Stroke 2008;39:1507. https://doi.org/10.1161/STROKEAHA.107.501999. 

[74] Miyara K, Kawamura K, Matsumoto S, Ohwatashi A, Itashiki Y, Uema T, et al. Acute 

changes in cortical activation during active ankle movement after whole-body vibration 

for spasticity in hemiplegic legs of stroke patients: a functional near-infrared spectroscopy 

study. Top Stroke Rehabil 2020;27:67–74. 

https://doi.org/10.1080/10749357.2019.1659639/SUPPL_FILE/YTSR_A_1659639_SM3

189.ZIP. 

[75] Pantaleon L. Why measuring outcomes is important in health care. J Vet Intern Med 

2019;33:356. https://doi.org/10.1111/JVIM.15458. 

[76] Gladstone DJ, Danells CJ, Black SE. The Fugl-Meyer Assessment of Motor Recovery 

after Stroke: A Critical Review of Its Measurement Properties. Neurorehabil Neural 

Repair 2002;16:232–40. https://doi.org/10.1177/154596802401105171. 

[77] Sullivan KJ, Tilson JK, Cen SY, Rose DK, Hershberg J, Correa A, et al. Fugl-Meyer 

Assessment of Sensorimotor Function After Stroke. Stroke 2011;42:427–32. 

https://doi.org/10.1161/STROKEAHA.110.592766. 

[78] Takekawa T, Kakuda W, Uchiyama M, Ikegaya M, Abo M. Brain perfusion and upper 

limb motor function: A pilot study on the correlation between evolution of asymmetry in 

cerebral blood flow and improvement in Fugl–Meyer Assessment score after rTMS in 

chronic post-stroke patients. Journal of Neuroradiology 2014;41:177–83. 

https://doi.org/10.1016/J.NEURAD.2013.06.006. 

[79] Saes M, Meskers CGM, Daffertshofer A, de Munck JC, Kwakkel G, van Wegen EEH. 

How does upper extremity Fugl-Meyer motor score relate to resting-state EEG in chronic 

stroke? A power spectral density analysis. Clinical Neurophysiology 2019;130:856–62. 

https://doi.org/10.1016/J.CLINPH.2019.01.007. 

[80] Agius Anastasi A, Falzon O, Camilleri K, Vella M, Muscat R. Brain Symmetry Index in 

Healthy and Stroke Patients for Assessment and Prognosis. Stroke Res Treat 2017;2017. 

https://doi.org/10.1155/2017/8276136. 

[81] Duncan PW, Zorowitz R, Bates B, Choi JY, Glasberg JJ, Graham GD, et al. Management 

of Adult Stroke Rehabilitation Care: a clinical practice guideline. Stroke 2005;36. 

https://doi.org/10.1161/01.STR.0000180861.54180.FF. 

[82] Mizukami M, Yoshikawa K, Kawamoto H, Sano A, Koseki K, Asakwa Y, et al. Gait 

training of subacute stroke patients using a hybrid assistive limb: a pilot study. 

Http://DxDoiOrg/103109/1748310720151129455 2016;12:197–204. 

https://doi.org/10.3109/17483107.2015.1129455. 

[83] Li S, Francisco GE, Zhou P. Post-stroke Hemiplegic Gait: New Perspective and Insights. 

Front Physiol 2018;9:1021. https://doi.org/10.3389/FPHYS.2018.01021. 

[84] Kuo AD, Donelan JM. Dynamic Principles of Gait and  Their Clinical Implications. Phys 

Ther 2010;90:157. https://doi.org/10.2522/PTJ.20090125. 

[85] Kim MK, Cha HG. The effects of ankle joint taping on gait and balance ability of healthy 

adults. J Phys Ther Sci 2015;27:2913. https://doi.org/10.1589/JPTS.27.2913. 



 55 

[86] Duncan PW, Studenski S, Chandler J, Bloomfeld R, LaPointe LK. Electromyographic 

analysis of postural adjustments in two methods of balance testing. Phys Ther 

1990;70:88–96. https://doi.org/10.1093/PTJ/70.2.88. 

[87] Peishun C, Haiwang Z, Taotao L, Hongli G, Yu M, Wanrong Z. Changes in Gait 

Characteristics of Stroke Patients with Foot Drop after the Combination Treatment of Foot 

Drop Stimulator and Moving Treadmill Training. Neural Plast 2021;2021. 

https://doi.org/10.1155/2021/9480957. 

[88] Pavailler S, Hintzy F, Horvais N, Forestier N. Cutaneous stimulation at the ankle: A 

differential effect on proprioceptive postural control according to the participants’ 

preferred sensory strategy. J Foot Ankle Res 2016;9:1–8. https://doi.org/10.1186/S13047-

016-0140-Y/FIGURES/2. 

[89] Shen Y, Wang W, Wang Y, Yang L, Yuan C, Yang Y, et al. Not Only in Sensorimotor 

Network: Local and Distant Cerebral Inherent Activity of Chronic Ankle Instability—A 

Resting-State fMRI Study. Front Neurosci 2022;16. 

https://doi.org/10.3389/FNINS.2022.835538. 

[90] Paton J, Hatton AL, Rome K, Kent B. Effects of foot and ankle devices on balance, gait 

and falls in adults with sensory perception loss: a systematic review. JBI Database System 

Rev Implement Rep 2016;14:127. https://doi.org/10.11124/JBISRIR-2016-003229. 

[91] Dambreville C, Pairot de Fontenay B, Blanchette AK, Roy JS, Mercier C, Bouyer L. 

Ankle proprioception during gait in individuals with incomplete spinal cord injury. 

Physiol Rep 2019;7:e14328. https://doi.org/10.14814/PHY2.14328. 

[92] Gajdosik RL, Vander Linden DW, McNair PJ, Williams AK, Riggin TJ. Effects of an 

eight-week stretching program on the passive-elastic properties and function of the calf 

muscles of older women. Clinical Biomechanics 2005;20:973–83. 

https://doi.org/10.1016/J.CLINBIOMECH.2005.05.011. 

[93] Yeung LF, Tong RKY. Lower Limb Exoskeleton Robot to Facilitate the Gait of Stroke 

Patients. Wearable Technology in Medicine and Health Care 2018:91–111. 

https://doi.org/10.1016/B978-0-12-811810-8.00005-1. 

[94] Perry Jacquelin, Burnfield JM, Cabico LM. Gait Analysis: Normal and Pathological 

Function. J Sports Sci Med 2010;9:353. 

[95] Mentiplay BF, Adair B, Bower KJ, Williams G, Tole G, Clark RA. Associations between 

lower limb strength and gait velocity following stroke: a systematic review. Brain Inj 

2015;29:409–22. https://doi.org/10.3109/02699052.2014.995231. 

[96] Kwong PWH, Ng SSM, Chung RCK, Ng GYF. A structural equation model of the 

relationship between muscle strength, balance performance, walking endurance and 

community integration in stroke survivors. PLoS One 2017;12. 

https://doi.org/10.1371/JOURNAL.PONE.0185807. 

[97] Yeung LF, Ockenfeld C, Pang MK, Wai HW, Soo OY, Li SW, et al. Randomized 

controlled trial of robot-assisted gait training with dorsiflexion assistance on chronic 

stroke patients wearing ankle-foot-orthosis. J Neuroeng Rehabil 2018;15. 

https://doi.org/10.1186/S12984-018-0394-7. 

[98] Yoon JY, An DHy, Oh JS. Plantarflexor and Dorsiflexor Activation during Inclined 

Walking with and without Modified Mobilization with Movement Using Tape in Women 

with Limited Ankle Dorsiflexion. J Phys Ther Sci 2013;25:993. 

https://doi.org/10.1589/JPTS.25.993. 



 56 

[99] Hoch MC, McKeon PO. Joint mobilization improves spatiotemporal postural control and 

range of motion in those with chronic ankle instability. J Orthop Res 2011;29:326–32. 

https://doi.org/10.1002/JOR.21256. 

[100] Johanson MA, Cuda BJ, Koontz JE, Stell JC, Abelew TA. Effect of stretching on ankle 

and knee angles and gastrocnemius activity during the stance phase of gait. J Sport 

Rehabil 2009;18:521–34. https://doi.org/10.1123/JSR.18.4.521. 

[101] Ong CF, Geijtenbeek T, Hicks JL, Delp SL. Predicting gait adaptations due to ankle 

plantarflexor muscle weakness and contracture using physics-based musculoskeletal 

simulations. PLoS Comput Biol 2019;15:e1006993. 

https://doi.org/10.1371/JOURNAL.PCBI.1006993. 

[102] Sawicki GS, Lewis CL, Ferris DP. It pays to have a spring in your step. Exerc Sport Sci 

Rev 2009;37:130. https://doi.org/10.1097/JES.0B013E31819C2DF6. 

[103] Huang TWP, Shorter KA, Adamczyk PG, Kuo AD. Mechanical and energetic 

consequences of reduced ankle plantar-flexion in human walking. J Exp Biol 

2015;218:3541. https://doi.org/10.1242/JEB.113910. 

[104] Knarr BA, Kesar TM, Reisman DS, Binder-Macleod SA, Higginson JS. Changes in the 

activation and function of the ankle plantar flexor muscles due to gait retraining in chronic 

stroke survivors. J Neuroeng Rehabil 2013;10:12. https://doi.org/10.1186/1743-0003-10-

12/FIGURES/4. 

[105] Kim CM, Eng JJ. The relationship of lower-extremity muscle torque to locomotor 

performance in people with stroke. (Research Report). Phys Ther 2003;83:49–58. 

[106] Ferry B, Compagnat M, Yonneau J, Bensoussan L, Moucheboeuf G, Muller F, et al. 

Awakening the control of the ankle dorsiflexors in the post-stroke hemiplegic subject to 

improve walking activity and social participation: the WAKE (Walking Ankle isoKinetic 

Exercise) randomised, controlled trial. Trials 2022;23. https://doi.org/10.1186/S13063-

022-06545-W. 

[107] Asín-Prieto G, Mercante S, Rojas R, Navas M, Gomez D, Toledo M, et al. Post-stroke 

rehabilitation of the ankle joint with a low cost monoarticular ankle robotic exoskeleton: 

Preliminary results. Front Bioeng Biotechnol 2022;10:1015201. 

https://doi.org/10.3389/FBIOE.2022.1015201/BIBTEX. 

[108] Miyata S, Terada S, Matsui N, Uchiyama K. Effects of task-specific paretic ankle plantar 

flexor training on walking in a stroke patient: a single-case study. J Phys Ther Sci 

2018;30:443. https://doi.org/10.1589/JPTS.30.443. 

[109] Li S, Francisco GE, Zhou P. Post-stroke Hemiplegic Gait: New Perspective and Insights. 

Front Physiol 2018;9:1021. https://doi.org/10.3389/FPHYS.2018.01021. 

[110] Francis S, Lin X, Aboushoushah S, White TP, Phillips M, Bowtell R, et al. fMRI analysis 

of active, passive and electrically stimulated ankle dorsiflexion. Neuroimage 

2009;44:469–79. https://doi.org/10.1016/J.NEUROIMAGE.2008.09.017. 

[111] del Din S, Bertoldo A, Sawacha Z, Jonsdottir J, Rabuffetti M, Cobelli C, et al. Assessment 

of biofeedback rehabilitation in post-stroke patients combining fMRI and gait analysis: a 

case study. J Neuroeng Rehabil 2014;11. https://doi.org/10.1186/1743-0003-11-53. 

[112] Kavounoudias A, Roll R, Roll JP. Foot sole and ankle muscle inputs contribute jointly to 

human erect posture regulation. J Physiol 2001;532:869–78. 

https://doi.org/10.1111/J.1469-7793.2001.0869E.X. 

[113] Lord SR, Clark RD, Webster IW. Physiological factors associated with falls in an elderly 

population. J Am Geriatr Soc 1991;39:1194–200. https://doi.org/10.1111/J.1532-

5415.1991.TB03574.X. 



 57 

[114] Osoba MY, Rao AK, Agrawal SK, Lalwani AK. Balance and gait in the elderly: A 

contemporary review. Laryngoscope Investig Otolaryngol 2019;4:143. 

https://doi.org/10.1002/LIO2.252. 

[115] Jahn K, Zwergal A, Schniepp R. Gait disturbances in old age: classification, diagnosis, 

and treatment from a neurological perspective. Dtsch Arztebl Int 2010;107:306–16. 

https://doi.org/10.3238/ARZTEBL.2010.0306. 

[116] Hlavackova P, Vuillerme N. Do somatosensory conditions from the foot and ankle affect 

postural responses to plantar-flexor muscles fatigue during bipedal quiet stance? Gait 

Posture 2012;36:16–9. https://doi.org/10.1016/J.GAITPOST.2011.10.361. 

[117] Osoba MY, Rao AK, Agrawal SK, Lalwani AK. Balance and gait in the elderly: A 

contemporary review. Laryngoscope Investig Otolaryngol 2019;4:143. 

https://doi.org/10.1002/LIO2.252. 

[118] Zarkou A, Lee SCK, Prosser LA, Jeka JJ. Foot and Ankle Somatosensory Deficits Affect 

Balance and Motor Function in Children With Cerebral Palsy. Front Hum Neurosci 

2020;14. https://doi.org/10.3389/FNHUM.2020.00045. 

[119] Gorst T, Marsden J, Freeman J. Lower Limb Somatosensory Discrimination Is Impaired 

in People With Parkinson’s Disease: Novel Assessment and Associations With Balance, 

Gait, and Falls. Mov Disord Clin Pract 2019;6:593–600. 

https://doi.org/10.1002/MDC3.12831. 

[120] Ijmker T, Lamoth CJ, Houdijk H, Tolsma M, Van Der Woude LHV, Daffertshofer A, et 

al. Effects of handrail hold and light touch on energetics, step parameters, and 

neuromuscular activity during walking after stroke. J Neuroeng Rehabil 2015;12. 

https://doi.org/10.1186/S12984-015-0051-3. 

[121] Robbins S, Waked E, Mcclaran J. Proprioception and stability: foot position awareness as 

a function of age and footwear. Age Ageing 1995;24:67–72. 

https://doi.org/10.1093/AGEING/24.1.67. 

[122] Gorst T, Rogers A, Morrison SC, Cramp M, Paton J, Freeman J, et al. The prevalence, 

distribution, and functional importance of lower limb somatosensory impairments in 

chronic stroke survivors: a cross sectional observational study. Disabil Rehabil 

2019;41:2443–50. https://doi.org/10.1080/09638288.2018.1468932. 

[123] Duysens J, Massaad F. Stroke gait rehabilitation: is load perception a first step towards 

load control? Clin Neurophysiol 2015;126:225–6. 

https://doi.org/10.1016/J.CLINPH.2014.07.001. 

[124] Chia FSF, Kuys S, Low Choy N. Sensory retraining of the leg after stroke: systematic 

review and meta-analysis. Clin Rehabil 2019;33:964. 

https://doi.org/10.1177/0269215519836461. 

[125] Tyson SF, Hanley M, Chillala J, Selley AB, Tallis RC. Sensory loss in hospital-admitted 

people with stroke: characteristics, associated factors, and relationship with function. 

Neurorehabil Neural Repair 2008;22:166–72. https://doi.org/10.1177/1545968307305523. 

[126] Takakusaki K. Functional Neuroanatomy for Posture and Gait Control. J Mov Disord 

2017;10:1. https://doi.org/10.14802/JMD.16062. 

[127] MacKinnon CD. Sensorimotor anatomy of gait, balance, and falls. Handb Clin Neurol 

2018;159:3. https://doi.org/10.1016/B978-0-444-63916-5.00001-X. 

[128] Wang Y, Hao Y, Zhou J, Fried PJ, Wang X, Zhang J, et al. Direct current stimulation over 

the human sensorimotor cortex modulates the brain’s hemodynamic response to tactile 

stimulation. European Journal of Neuroscience 2015;42:1933–40. 

https://doi.org/10.1111/EJN.12953. 



 58 

[129] Vieira AI, Almeida P, Canário N, Castelo-Branco M, Nunes MV, Castro-Caldas A. 

Unisensory and multisensory Self-referential stimulation of the lower limb: An 

exploratory fMRI study on healthy subjects. Https://Doi-

OrgProxy1LibUwo.ca/101080/0959398520171368758 2017;34:22–40. 

https://doi.org/10.1080/09593985.2017.1368758. 

[130] Akselrod M, Martuzzi R, Serino A, van der Zwaag W, Gassert R, Blanke O. Anatomical 

and functional properties of the foot and leg representation in areas 3b, 1 and 2 of primary 

somatosensory cortex in humans: A 7T fMRI study. Neuroimage 2017;159:473–87. 

https://doi.org/10.1016/J.NEUROIMAGE.2017.06.021. 

[131] Willoughby WR, Thoenes K, Bolding M. Somatotopic Arrangement of the Human 

Primary Somatosensory Cortex Derived From Functional Magnetic Resonance Imaging. 

Front Neurosci 2021;14:598482. https://doi.org/10.3389/FNINS.2020.598482/BIBTEX. 

[132] Aizu N, Oouchida Y, Izumi SI. Time-dependent decline of body-specific attention to the 

paretic limb in chronic stroke patients. Neurology 2018;91:e751–8. 

https://doi.org/10.1212/WNL.0000000000006030. 

[133] Scherbakov N, Von Haehling S, Anker SD, Dirnagl U, Doehner W. Stroke induced 

Sarcopenia: muscle wasting and disability after stroke. Int J Cardiol 2013;170:89–94. 

https://doi.org/10.1016/J.IJCARD.2013.10.031. 

[134] Azzollini V, Dalise S, Chisari C. How Does Stroke Affect Skeletal Muscle? State of the 

Art and Rehabilitation Perspective. Front Neurol 2021;12:797559. 

https://doi.org/10.3389/FNEUR.2021.797559/BIBTEX. 

[135] Ryan AS, Dobrovolny CL, Smith G V., Silver KH, Macko RF. Hemiparetic muscle 

atrophy and increased intramuscular fat in stroke patients. Arch Phys Med Rehabil 

2002;83:1703–7. https://doi.org/10.1053/APMR.2002.36399. 

[136] Hunnicutt JL, Gregory CM. Skeletal muscle changes following stroke: a systematic 

review and comparison to healthy individuals. Top Stroke Rehabil 2017;24:463. 

https://doi.org/10.1080/10749357.2017.1292720. 

[137] Miller EK, Freedman DJ, Wallis JD. The prefrontal cortex: categories, concepts and 

cognition. Philosophical Transactions of the Royal Society B: Biological Sciences 

2002;357:1123. https://doi.org/10.1098/RSTB.2002.1099. 

[138] Dixon ML. Cognitive control, emotional value, and the lateral prefrontal cortex. Front 

Psychol 2015;6:758. https://doi.org/10.3389/FPSYG.2015.00758/BIBTEX. 

[139] Hasan A, Galea JM, Casula EP, Falkai P, Bestmann S, Rothwell JC. Muscle and timing-

specific functional connectivity between the dorsolateral prefrontal cortex and the primary 

motor cortex. J Cogn Neurosci 2013;25:558. https://doi.org/10.1162/JOCN_A_00338. 

[140] Krch D. Cognitive Processing. Encyclopedia of Clinical Neuropsychology 2011:627–627. 

https://doi.org/10.1007/978-0-387-79948-3_1443. 

[141] Pirker W, Katzenschlager R. Gait disorders in adults and the elderly: A clinical guide. 

Wien Klin Wochenschr 2017;129:81. https://doi.org/10.1007/S00508-016-1096-4. 

[142] Buschman TJ, Miller EK. Top-down versus bottom-up control of attention in the 

prefrontal and posterior parietal cortices. Science 2007;315:1860–4. 

https://doi.org/10.1126/SCIENCE.1138071. 

[143] Aizu N, Otaki R, Nishii K, Kito T, Yao R, Uemura K, et al. Body-Specific Attention to 

the Hands and Feet in Healthy Adults. Front Syst Neurosci 2022;15:176. 

https://doi.org/10.3389/FNSYS.2021.805746/BIBTEX. 



 59 

[144] Koenraadt KLM, Roelofsen EGJ, Duysens J, Keijsers NLW. Cortical control of normal 

gait and precision stepping: An fNIRS study. Neuroimage 2014;85:415–22. 

https://doi.org/10.1016/J.NEUROIMAGE.2013.04.070. 

[145] Miller EK, Cohen JD. AN INTEGRATIVE THEORY OF PREFRONTAL CORTEX 

FUNCTION 2001. 

[146] Schulz R, Runge CG, Bönstrup M, Cheng B, Gerloff C, Thomalla G, et al. Prefrontal-

premotor pathways and motor output in well-recovered stroke patients. Front Neurol 

2019;10:105. https://doi.org/10.3389/FNEUR.2019.00105/FULL. 

[147] Ong WY, Stohler CS, Herr DR. Role of the Prefrontal Cortex in Pain Processing. Mol 

Neurobiol 2019;56:1137. https://doi.org/10.1007/S12035-018-1130-9. 

[148] Fujita N, Kunimune S, Okada S. Contribution of the dorsolateral prefrontal cortex 

activation, ankle muscle activities, and coactivation during dual-tasks to postural 

steadiness: a pilot study. J Phys Ther Sci 2020;32:467. 

https://doi.org/10.1589/JPTS.32.467. 

[149] Pelicioni PHS, Tijsma M, Lord SR, Menant J. Prefrontal cortical activation measured by 

fNIRS during walking: Effects of age, disease and secondary task. PeerJ 2019;7. 

https://doi.org/10.7717/PEERJ.6833/SUPP-2. 

[150] Al-Yahya E, Dawes H, Smith L, Dennis A, Howells K, Cockburn J. Cognitive motor 

interference while walking: a systematic review and meta-analysis. Neurosci Biobehav 

Rev 2011;35:715–28. https://doi.org/10.1016/J.NEUBIOREV.2010.08.008. 

[151] Hawkins KA, Fox EJ, Daly JJ, Rose DK, Christou EA, McGuirk TE, et al. Prefrontal 

over-activation during walking in people with mobility deficits: Interpretation and 

functional implications. Hum Mov Sci 2018;59:46–55. 

https://doi.org/10.1016/J.HUMOV.2018.03.010. 

[152] Mori T, Takeuchi N, Izumi SI. Prefrontal cortex activation during a dual task in patients 

with stroke. Gait Posture 2018;59:193–8. 

https://doi.org/10.1016/J.GAITPOST.2017.09.032. 

[153] Al-Yahya E, Johansen-Berg H, Kischka U, Zarei M, Cockburn J, Dawes H. Prefrontal 

Cortex Activation While Walking Under Dual-Task Conditions in Stroke: A Multimodal 

Imaging Study. Neurorehabil Neural Repair 2016;30:591. 

https://doi.org/10.1177/1545968315613864. 

[154] Carey LM, Seitz RJ. Functional Neuroimaging in Stroke Recovery and 

Neurorehabilitation: Conceptual Issues and Perspectives. Http://DxDoiOrg/101111/j1747-

4949200700164.x 2016;2:245–64. https://doi.org/10.1111/J.1747-4949.2007.00164.X. 

[155] Chen W-L, Wagner J, Heugel N, Sugar J, Lee Y-W, Conant L, et al. Functional Near-

Infrared Spectroscopy and Its Clinical Application in the Field of Neuroscience: Advances 

and Future Directions. Front Neurosci 2020;14. https://doi.org/10.3389/fnins.2020.00724. 

[156] Scarapicchia V, Brown C, Mayo C, Gawryluk JR. Functional Magnetic Resonance 

Imaging and Functional Near-Infrared Spectroscopy: Insights from Combined Recording 

Studies. Front Hum Neurosci 2017;11. https://doi.org/10.3389/FNHUM.2017.00419. 

[157] Cabeza R. Cognitive neuroscience of aging: contributions of functional neuroimaging. 

Scand J Psychol 2001;42:277–86. https://doi.org/10.1111/1467-9450.00237. 

[158] Logothetis NK. What we can do and what we cannot do with fMRI. Nature 

2008;453:869–78. https://doi.org/10.1038/NATURE06976. 

[159] Phillips AA, Chan FH, Zheng MMZ, Krassioukov A V., Ainslie PN. Neurovascular 

coupling in humans: Physiology, methodological advances and clinical implications. 



 60 

Journal of Cerebral Blood Flow & Metabolism 2016;36:647. 

https://doi.org/10.1177/0271678X15617954. 

[160] Karim H, Schmidt B, Dart D, Beluk N, Huppert T. Functional Near-infrared Spectroscopy 

(fNIRS) of Brain Function During Active Balancing Using a Video Game System. Gait 

Posture 2012;35:367. https://doi.org/10.1016/J.GAITPOST.2011.10.007. 

[161] Ayaz H, Onaral B, Izzetoglu K, Shewokis PA, Mckendrick R, Parasuraman R. Continuous 

monitoring of brain dynamics with functional near infrared spectroscopy as a tool for 

neuroergonomic research: empirical examples and a technological development. Front 

Hum Neurosci 2013;7. https://doi.org/10.3389/FNHUM.2013.00871. 

[162] Hoshi Y. Functional near-infrared spectroscopy: potential and limitations in neuroimaging 

studies. Int Rev Neurobiol 2005;66:237–66. https://doi.org/10.1016/S0074-

7742(05)66008-4. 

[163] Peters S, Lim SB, Louie DR, Yang CL, Eng JJ. Passive, yet not inactive: Robotic 

exoskeleton walking increases cortical activation dependent on task. J Neuroeng Rehabil 

2020;17:1–12. https://doi.org/10.1186/S12984-020-00739-6/FIGURES/5. 

[164] Menant JC, Maidan I, Alcock L, Al-Yahya E, Cerasa A, Clark DJ, et al. A consensus 

guide to using functional near-infrared spectroscopy in posture and gait research. Gait 

Posture 2020;82:254–65. https://doi.org/10.1016/J.GAITPOST.2020.09.012. 

[165] Rogers LJ. Brain Lateralization and Cognitive Capacity. Animals (Basel) 2021;11. 

https://doi.org/10.3390/ANI11071996. 

[166] Stroke in Canada is on the rise | Heart and Stroke Foundation n.d. 

https://www.heartandstroke.ca/what-we-do/media-centre/news-releases/stroke-in-canada-

is-on-the-

rise#:~:text=Stroke%20is%20a%20leading%20cause,the%20washroom%20and%20gettin

g%20around. (accessed July 28, 2023). 

[167] Zhou J, Lo OY, Lipsitz LA, Zhang J, Fang J, Manor B. Transcranial direct current 

stimulation enhances foot sole somatosensation when standing in older adults. Exp Brain 

Res 2018;236:795. https://doi.org/10.1007/S00221-018-5178-6. 

[168] Scholkmann F, Kleiser S, Metz AJ, Zimmermann R, Mata Pavia J, Wolf U, et al. A 

review on continuous wave functional near-infrared spectroscopy and imaging 

instrumentation and methodology. Neuroimage 2014;85 Pt 1:6–27. 

https://doi.org/10.1016/J.NEUROIMAGE.2013.05.004. 

[169] Ferrari M, Quaresima V. A brief review on the history of human functional near-infrared 

spectroscopy (fNIRS) development and fields of application. Neuroimage 2012;63:921–

35. https://doi.org/10.1016/J.NEUROIMAGE.2012.03.049. 

[170] Jurcak V, Tsuzuki D, Dan I. 10/20, 10/10, and 10/5 systems revisited: their validity as 

relative head-surface-based positioning systems. Neuroimage 2007;34:1600–11. 

https://doi.org/10.1016/J.NEUROIMAGE.2006.09.024. 

[171] Urbaniak GC, Plous S. Research Randomizer (Version 4.0) 2013. 

[172] Leff DR, Orihuela-Espina F, Elwell CE, Athanasiou T, Delpy DT, Darzi AW, et al. 

Assessment of the cerebral cortex during motor task behaviours in adults: a systematic 

review of functional near infrared spectroscopy (fNIRS) studies. Neuroimage 

2011;54:2922–36. https://doi.org/10.1016/J.NEUROIMAGE.2010.10.058. 

[173] American Spinal Injury Association. International Standards for Neurological 

Classification of SCI (ISNCSCI) Worksheet 2019. 

[174] Ito KL, Liew S-L. Calculating the Laterality Index Using FSL for Stroke Neuroimaging 

Data. Gigascience 2016;5. https://doi.org/10.1186/S13742-016-0147-0-N. 



 61 

[175] Lin PY, Chen JJJ, Lin SI. The cortical control of cycling exercise in stroke patients: An 

fNIRS study. Hum Brain Mapp 2013;34:2381–90. https://doi.org/10.1002/hbm.22072. 

[176] Arun KM, Smitha KA, Rajesh PG, Kesavadas C. Functional near-infrared spectroscopy is 

in moderate accordance with functional MRI in determining lateralisation of frontal 

language areas. Neuroradiol J 2018;31:133. https://doi.org/10.1177/1971400917739083. 

[177] He X, Lei L, Yu G, Lin X, Sun Q, Chen S. Asymmetric cortical activation in healthy and 

hemiplegic individuals during walking: A functional near-infrared spectroscopy 

neuroimaging study. Front Neurol 2022;13. 

https://doi.org/10.3389/FNEUR.2022.1044982. 

[178] Seghier ML. Laterality index in functional MRI: methodological issues. Magn Reson 

Imaging 2008;26:594. https://doi.org/10.1016/J.MRI.2007.10.010. 

[179] Balconi M, Grippa E, Vanutelli ME. Resting lateralized activity predicts the cortical 

response and appraisal of emotions: an fNIRS study. Soc Cogn Affect Neurosci 

2015;10:1607–14. https://doi.org/10.1093/SCAN/NSV041. 

[180] Ruff IM, Petrovich Brennan NM, Peck KK, Hou BL, Tabar V, Brennan CW, et al. 

Assessment of the Language Laterality Index in Patients with Brain Tumor Using 

Functional MR Imaging: Effects of Thresholding, Task Selection, and Prior Surgery. 

American Journal of Neuroradiology 2008;29:528–35. 

https://doi.org/10.3174/AJNR.A0841. 

[181] Borrell JA, Fraser K, Manattu AK, Zuniga JM. Laterality Index Calculations in a Control 

Study of Functional Near Infrared Spectroscopy. Brain Topogr 2023;36. 

https://doi.org/10.1007/S10548-023-00942-3. 

[182] Huppert TJ, Diamond SG, Franceschini MA, Boas DA. HomER: a review of time-series 

analysis methods for near-infrared spectroscopy of the brain. Applied Optics, Vol 48, 

Issue 10, Pp D280-D298 2009;48:D280–98. https://doi.org/10.1364/AO.48.00D280. 

[183] Stuart S, Belluscio V, Quinn JF, Mancini M. Pre-frontal cortical activity during walking 

and turning is reliable and differentiates across young, older adults and people with 

Parkinson’s disease. Front Neurol 2019;10:536. 

https://doi.org/10.3389/FNEUR.2019.00536/BIBTEX. 

[184] Sassaroli A, Fantini S. Comment on the modified Beer-Lambert law for scattering media. 

Phys Med Biol 2004;49. https://doi.org/10.1088/0031-9155/49/14/N07. 

[185] Kocsis L, Herman P, Eke A. The modified Beer-Lambert law revisited. Phys Med Biol 

2006;51. https://doi.org/10.1088/0031-9155/51/5/N02. 

[186] Boas DA, Dale AM, Franceschini MA. Diffuse optical imaging of brain activation: 

approaches to optimizing image sensitivity, resolution, and accuracy. Neuroimage 

2004;23 Suppl 1. https://doi.org/10.1016/J.NEUROIMAGE.2004.07.011. 

[187] Ye JC, Tak S, Jang KE, Jung J, Jang J. NIRS-SPM: statistical parametric mapping for 

near-infrared spectroscopy. Neuroimage 2009;44:428–47. 

https://doi.org/10.1016/J.NEUROIMAGE.2008.08.036. 

[188] Jones PR. A note on detecting statistical outliers in psychophysical data. Atten Percept 

Psychophys 2019;81:1189. https://doi.org/10.3758/S13414-019-01726-3. 

[189] Grefkes C, Grefkes C, Fink GR, Fink GR. Recovery from stroke: current concepts and 

future perspectives. Neurol Res Pract 2020;2. https://doi.org/10.1186/S42466-020-00060-

6. 

[190] Yücel MA, Lühmann A v., Scholkmann F, Gervain J, Dan I, Ayaz H, et al. Best practices 

for fNIRS publications. Neurophotonics 2021;8. 

https://doi.org/10.1117/1.NPH.8.1.012101. 



 62 

[191] Ishikawa W, Sato M, Fukuda Y, Matsumoto T, Matsumoto N, M.D. KS. Correlation 

between asymmetry of spontaneous oscillation of hemodynamic changes in the prefrontal 

cortex and anxiety levels: a near-infrared spectroscopy study. 

Https://DoiOrg/101117/1JBO192027005 2014;19:027005. 

https://doi.org/10.1117/1.JBO.19.2.027005. 

[192] Watanabe H, Shitara Y, Aoki Y, Inoue T, Tsuchida S, Takahashi N, et al. Hemoglobin 

phase of oxygenation and deoxygenation in early brain development measured using 

fNIRS. Proc Natl Acad Sci U S A 2017;114:E1737–44. 

https://doi.org/10.1073/PNAS.1616866114/-/DCSUPPLEMENTAL. 

[193] Colcombe SJ, Kramer AF, Erickson KI, Scalf P. The implications of cortical recruitment 

and brain morphology for individual differences in inhibitory function in aging humans. 

Psychol Aging 2005;20:363–75. https://doi.org/10.1037/0882-7974.20.3.363. 

[194] Huppert TJ, Hoge RD, Diamond SG, Franceschini MA, Boas DA. A temporal comparison 

of BOLD, ASL, and NIRS hemodynamic responses to motor stimuli in adult humans. 

Neuroimage 2006;29:368–82. https://doi.org/10.1016/J.NEUROIMAGE.2005.08.065. 

[195] Harris JE, Eng JJ. Individuals with the dominant hand affected following stroke 

demonstrate less impairment than those with the non-dominant hand affected. 

Neurorehabil Neural Repair 2006;20:380. https://doi.org/10.1177/1545968305284528. 

  

  



 63 

5 APPENDICES 

Appendix  A: Ethics Approval Documents 

 

LAWSON FINAL APPROVAL NOTICE 

 

LAWSON APPROVAL NUMBER: R-22-066  
 

PROJECT TITLE:  Neural activation changes linked to increased aerobic intensity     

PRINCIPAL INVESTIGATOR: Dr. Sue Peters   

LAWSON APPROVAL DATE:  4/02/2022 

ReDA ID: 11729 

Overall Study Status: Active  

Please be advised that the above project was reviewed by Lawson Administration and the 

project was approved. 
 

“COVID-19:  Please note that Lawson is continuing to review and approve research 

studies.  However, this does not mean the study can be implemented during the 

COVID-19 pandemic.  Principal Investigators, in consultation with their program 

leader or Chair/Chief, should use their judgment and consult Lawson’s research 

directive and guidelines to determine the appropriateness of starting the 

study.  Compliance with hospital, Lawson, and government public health directives 

and participant and research team safety supersede Lawson Approval.” 
  

 Please provide your Lawson Approval Number (R#) to the appropriate 

contact(s) in supporting departments (eg. Lab Services, Diagnostic Imaging, 

etc.) to inform them that your study is starting.  The Lawson Approval Number 

must be provided each time services are requested. 

 

Dr. David Hill 

V.P. Research  
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Appendix  B: Fugl-Meyer Assessment Lower Extremity Assessment 
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Appendix  C: Reasons for Dropout 

  

Participant No. Reasons for dropout  

S01  After consent, potential cognitive impairment identified 

S02  After consent, diagnosed with Parkinson's Disease  

S03 After consent, during device fitting, the participants' 

craniotomy affected the placement of the fNIRS devices  

S04 After consent, chronic back pain was impacting their 

participation in data collection  
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Appendix  D: Individual Characteristics 

 

FMLE=Fugl-Meyer Lower Extremity, BBS=Berg Balance Scale 

  

Participant 

ID 

Age 

(years) 

Sex  Time 

since 

stroke 

(Days) 

Lesion 

Side 

Lesion 

Depth 

Type of 

Stroke 

BBS 

(/56) 

FMLE 

Motor 

(/34) 

FMLE 

Sensation 

(/12) 

FM 

Total 

(/46) 

01 48 F 45 Right Subcortical Ischemic 52 24 10 34 

02 69 F 45 Left Subcortical Ischemic 5 11 12 23 

03 56 F 18 Right Subcortical Ischemic 29 6 11 17 

04 52 F 16 Left Subcortical Ischemic 6 19 12 31 

05 50 M 20 Left Subcortical Ischemic 12 22 11 33 

06 68 F 31 Right Subcortical Ischemic 3 14 12 26 

07 87 M 25 Right Unknown Unknown 46 26 12 38 

08 81 M 43 Right Subcortical Ischemic  46 24 12 36 

09 76 M 107 Right Cortical Hemorrhagic 11 15 5 20 
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Appendix  E: Repetitions completed for each condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Participants Repetition completed for each condition  

 Active  Passive Somatosensory  

01 5 5 5 

02 4 (Excluded one 

repetition due to 

movement on the 

non-paretic leg) 

5 5 

03 5 5 2 (Excluded three 

repetitions due to non-

paretic leg movement, 

head movement and 

spasm) 

04 5 5 5 

05 5 5 5 

06 5  5 5 

07 5 5 5 

08 5  5 5 

09 5 5 5 
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