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ABSTRACT 

 

There is considerable evidence to suggest that object affordances (see Gibson, 1966) can 

serve to moderate volitional responses by “priming” the visuomotor system toward certain 

actions (e.g., Tucker & Ellis, 1998). Typically, these studies assume that shorter voluntary 

reaction time latencies reflect more efficient movement planning. Questions remain 

however, as to whether object affordances offer the same motor priming benefits in 

situations where the temporal window to initiate motor action precludes volitional 

movements (e.g., during an unexpected balance perturbation). The efficiency of balance 

reactions to a perturbation is dependent upon the ability for the motor system to generate 

short latency actions at the onset of instability. Due to the rapid nature of these actions, they 

are suggested to be regulated by information received prior to the perturbation. In this 

study, participants sat in a custom-built chair that delivered posterior perturbations and, on 

each trial, were presented with two of three types of stimuli within their reach (two 

graspable poles that varied in orientation and a flat non-graspable control). They were 

instructed to reach and grasp one of the poles at the moment of perturbation so as to mitigate 

the tilt. To assess cortical activity that may be indicative of motor planning in response to 

the perception of object affordances, changes in oxyhemoglobin (oxy-Hb) in the right and 

left premotor cortices were measured using a continuous wave fNIRS system. Results 

revealed a significant increase (F= 4.62, p= .043) in oxy-Hb in the right and left hemisphere 

(M = .023 µM) in response to objects that afford an optimal form of grasping action 

(mitigating excessive supination or pronation of the hand), compared to when no grasping 

opportunity was present (M = -.051 µM). These results suggest that affordances may be 

used to prime the system in the event of a balance threat.  
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1.0 LITERATURE REVIEW 

1.1 Ecological Psychology and its Application in Motor Control 

According to the ecological perspective of motor control, the environment can be 

viewed as a collection of natural factors with the potential to exert influence on the 

perceiver through action possibilities associated with objects within that environment. The 

information from these objects is perceived by the human system continuously and directly 

such that any act, which may be completed with an object, is driven by the meaning 

perceived from the organism interacting within that environment (Marteniuk, 1976; Posner, 

1982). Central to this ecological perspective is the concept of affordances. As described by 

Gibson (1979), affordances define objects in such a way that they are not only a fact of the 

environment, but also a fact of behavior. It is therefore, the sensorimotor capabilities of the 

perceiver that constrains the kind of information that is accessed regarding an object of 

interest and the meanings associated with it. These are taken as any actions that are 

“afforded” to the system by that object (Michaels & Carello, 1981). Using a stimulus 

response voluntary reaction time paradigm, Tucker and Ellis (1998) demonstrated that 

affordances facilitate movement by decreasing reaction time (RT) when the response 

effector was aligned spatially with the object such that it would afford an action. (e.g., the 

handle of a mug was ipsilateral to the hand of response). Left-right coding was proposed to 

account for this compatibility effect as based on the organization of the visuomotor system. 

The authors concluded that certain action-related information, in this case the hand most 

suited to grasp the object, is represented automatically when the object is viewed in 

peripersonal space (i.e., participants are better able to identify salient object 
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characteristics when object affordances are aligned in such a way to be compatible with 

action) (Tucker & Ellis, 1998). Specifically, the object better affords the action of grasping 

when the graspable area is oriented toward the hand predisposed for action. This effect of 

object orientation on response latency is consistent with an affordance account based on 

automatic activation.  

Physical property affordances (PPA’s) is the term currently used to describe these 

characteristics of objects that are suggested to prime motor interactions with that object by 

encompassing action relevant features and orientations within their physical makeup 

(Symes, Ellis & Tucker, 2006). Previous work, also using stimulus-response RT paradigms, 

has shown that choice RT is facilitated when response effectors are aligned spatially with 

the presented PPA, and that these extend to reflect the response effectors alignment with 

the object orientation (Foglia & Lyons, 2018). For example, when the orientation of an 

object is aligned with a response hand in such a way that a grasp would be anatomically 

optimal (i.e., minimizing excessive pronation and supination of the hand) responses to 

objects expressing those PPAs were facilitated. As such, behavioral outcomes are suggested 

to be modulated as a function of object orientation, where priming benefits are mediated 

by varying orientations of the same object.  This facilitation may result as a function of the 

sensorimotor priming of a volitional response occasioned by specific PPAs. 

Object grasping is a ubiquitous, highly-specialized behavior that presents 

challenges to the human motor system, mainly as a result of the coordination of specific 

grasping configurations of the hand (Jeannerod et al., 1995, Macfarlane & Graziano, 2009). 

To account for this, the object representation and potential motor acts of object physical 
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features are cortically interconnected (Rozzi & Coudé, 2015). As a result, a complex 

organization of cortical regions are involved in perception and action execution towards 

objects that can be interacted with, or in essence all objects in one’s peripersonal space.  

1.2 Neurophysiological Representation of Physical Property Affordances 

Two forms of parallel processing occur in response to a presented object: a semantic 

description that is generated by higher order cortical visual areas and a pragmatic 

description that involves the processing of PPA’s and their translation into their action 

possibilities, or affordances (Ellis & Tucker, 2000). Specifically, this processing has been 

suggested to occur through two visual streams: termed ventral and dorsal (Goodale & 

Milner, 1992; 1982). The ventral (occipito-temporal) stream links the primary visual cortex 

to the inferotemporal regions and is sensitive to information regarding object identity, that 

thereby enables construction of a cortical representation of what is in the environment. The 

dorsal (occipito-parietal) stream, which terminates in the parietal region, contains neurons 

sensitive to spatial information that mediate visually-guided actions (Ungerleider & 

Mishkin, 1982). Ultimately, the dorsal stream builds a cortical representation of where 

things are in the environment. The dorsal stream can be further subdivided into the dorso-

dorsal (d-d) and the ventro-dorsal (v-d) streams (Rizzolatti & Matelli, 2003). While the d-

d stream maintains commonality with the function of the dorsal stream, the v-d stream is 

involved in the sensorimotor transformation of visual information for grasping, the 

perception of space and the recognition of action.  

Within the v-d stream, the anterior intraparietal area (AIP) and ventral premotor 

area (PMv), are of particular importance in the application of object grasping, specifically 
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the transformation of object properties into the corresponding possibility for grasping 

actions (Rizzolatti & Matelli, 2003). AIP neurons are responsible for encoding the 

geometrical features shared by different objects and can be divided functionally into three 

classes: motor-dominant, visual and motor, and visual-dominant (Taira et al., 1990; Sakata 

et al., 1995; Murata et al., 2000). PMv is responsible for encoding motor acts performed 

with the hand or mouth (Kurata & Tanji, 1986; Gentilucci et al., 1988; Rizzolatti et al., 

1988; Hepp-Reymond et al., 1994; Ferrari et al., 2003). Specifically, a large portion of these 

neurons are responsible for encoding specific motor acts such as grasping, with unique 

activation based on the specific type of grip to be used, such as precision, finger prehension 

or whole hand prehension (Rizzolatti et al., 1988).  

The AIP region has monosynaptic connections with several brain regions such as 

PMv (Luppino et al., 1999; Borra et al., 2008, Gerbella et al., 2011). Contained within the 

PMv region are neurons that have been shown to discharge to the visual presentation of 

graspable objects, with activity being mediated by the actual characteristics of the perceived 

object. A specific selectivity is seen based on the size and shape of the presented object 

(Murata et al., 1997; Raos et al., 2006). These are known as canonical neurons (Rizzolatti 

& Fadiga, 1998). It has been suggested that the presentation of objects produces a physical 

property dependent representation of the observed object in terms of a potential grasping 

action towards that object. This process occurs irrespective of whether or not there is an 

actual intention to act on these objects. Magnetic stimulation (rTMS), has been used to 

demonstrate that PMv-primary motor cortex (M1) interactions during a grasping movement 

are reliant on object properties being perceived and integrated by AIP (Davare, Rothwell 
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& Lemon, 2010). The integration of object properties occurs sequentially from AIP-PMv-

MI along a gradient axis (Murata et al., 1997; Murata et al., 2000; Raos et al., 2006). Thus, 

the AIP region is of particular importance, as disruption will interfere with activity of 

downstream regions (Davare, Rothwell & Lemon, 2010). Furthermore, temporary 

inactivation of AIP or the PMv region results in interference with grasping performance 

(Fogassi et al., 2001; Gallese et al., 1994; Davare et al., 2007; Davare et al., 2006; Rice, 

Tunik & Grafton, 2006). Therefore, AIP plays a critical role in integrating sensory 

information required for grasping.  

When the system is at rest, canonical neurons in PMv and object-related neurons in 

AIP have low firing rates. However, when an object that can be grasped is presented, 

populations of neurons within AIP responsible for providing information regarding object 

properties, such as size and shape, increase their firing rate (Murata et al., 2000; Raos et 

al., 2006). This information is suggested to be transferred to specific populations of neurons 

within PMv. Subsequently, due to the facilitating drive of information from AIP, canonical 

neurons in PMv also begin to increase their firing rate and provide outputs to M1 (Davare, 

Rothwell & Lemon, 2010). As a result, it has been suggested that inputs from AIP neurons 

is required in order to modulate the excitability of PMv and M1. This excitability, however, 

is context dependent as well as grasp specific as disruption to AIP at rest had no effects on 

PMv or M1 excitability. It was only when graspable stimuli were presented to the system 

that these modulating pathways from AIP were impactful on PMv and M1 excitability 

(Davare, Rothwell & Lemon, 2010). It has been suggested that the deficits observed in AIP 

and PMv during virtual lesion induction are a result of a reduction in the quantity of visual 
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information regarding object properties that are transferred to PMv, ultimately reducing the 

ability to generate specific motor plans aimed at those objects (Davare, Rothwell & Lemon, 

2010). This line of thinking suggests that the object properties integrated in AIP form an 

object reference frame that is transferred to PMv to create a grasp reference frame. The 

manner in which object property information from AIP is integrated in the formation of 

motor plans is, however, still unknown. One possibility is that intrinsic characteristics of 

the object (e.g., its size, shape and orientation) are matched with a motor plan for the 

specific grasp that would be most optimal for interacting with them (Davare, Rothwell & 

Lemon, 2010). Thus, it is reasonable to suggest that the physiological basis for Gibson’s 

Affordance Theory lies within the AIP-PMv-M1 axis.  

The primary motor cortex (M1) contains neurons that are reciprocally 

interconnected with parieto-frontal and premotor regions positioned on the dorsolateral and 

dorsomedial portions of the hemisphere (Rizzolatti & Luppino 2001; Grafton 2010; Davare 

et al. 2011; Fattori et al. 2015; Kaas & Stepniewska 2016; Maranesi et al. 2014). The AIP 

area, posterior parietal area (V6A), ventral premotor area (F5) and the ventro-rostral portion 

of the dorsal premotor cortex (PMd) contain visuomotor neurons that discharge during the 

presentation of graspable objects and during the execution of reach to grasp actions (Sakata 

et al. 1995; Baumann et al. 2009; Fattori et al. 2010; Fattori et al. 2012; Murata et al. 1997; 

Raos et al. 2006; Fluet et al. 2010; Bonini et al. 2014a; Vargas-Irwin et al. 2015; Raos et 

al. 2004). These networks exhibit a visual to motor response pattern that reflects the 

visuomotor transformation of object physical properties into the respective motor acts that 

are afforded by the object (Murata et al. 1997; Raos et al. 2006; Fluet et al. 2010; Bonini et 
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al. 2014a; Vargas-Irwin et al. 2015). This has especially been observed in area F5 (premotor 

cortex; Lanzilotto et al., 2016).  

Area F6 (pre-supplementary motor cortex) is primarily responsible for selecting, 

triggering, or inhibiting actions (Matelli et al. 1991). This area functions to bridge 

prefrontal regions with dorsolateral premotor areas, specifically dorsal premotor cortex 

(F2), premotor ventral caudal area (F4) and F5. These areas are of particular importance in 

the control of actions involving the forelimb (Rizzolatti & Luppino 2001). Intracortical 

microstimulation (ICMS) studies in monkeys have reported the importance of F5 in regard 

to the control of multi joint forelimb movements (Luppino et al., 1991), while area F6 is of 

particular importance in preparing reach to grasp arm movements.   

1.3 Affordance Motor Action Priming  

Neurophysiological evidence from transcranial magnetic stimulation (TMS) studies 

show that cortical region activation, as evident through motor evoked potential increases, 

may be responsible for mediating affordance motor action priming. It has been illustrated 

that when an object affording a pinch or whole hand grasp is within the peripersonal space 

of the system, motor evoked potential (MEP) amplitudes are greater in muscles that would 

be utilized to take advantage of that grasp, even in the absence of any intention to act 

(Cardellicchio et al., 2011). Additionally, these MEP amplitude increases have been shown 

to wash out when an object that was previously presenting a handle for grasping is 

presented with the handle broken (Buccino et al., 2009). The action-perception system is 

specific enough in its integration of object visual features, that motor plans are represented 

prior to the commencement of action, in order to facilitate movement. This priming effect 
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has been demonstrated at latencies of 120, 200, 300 and 450 ms post-TMS stimulation to 

the primary motor cortex (M1) (Cardellicchio et al., 2011, Buccino et al., 2009; Makris & 

Stergios, 2011; Proverbio et al., 2011; Franca et al., 2012). This evidence suggests that the 

objects are not only perceived almost instantaneously by the system, but also have been 

integrated in terms of the object visual features that drive the motor plans that would be 

best suited to act. It can therefore be suggested that due to the rapid temporal sequence of 

these events, that a direct link between action and perception may exist (Tillas et al., 2017).  

1.4 Perturbation Evoked Rapid Compensatory Actions  

Balance reactions in response to a perturbation stimulus are characterized by 

changes in support to take advantage of either a lower body stepping reaction or upper limb 

prehension (Maki & Whitelaw 1993; Shumway-Cook & Woolacott, 1995; Maki & 

McIlroy, 1997; Jensen et al., 2001). As a result, the efficiency of these responses is 

dependent upon the ability of the system to generate short latency actions at the onset of 

instability. The onset of these actions has been illustrated to occur ~100 ms earlier than the 

same action performed voluntarily (Gage et al., 2007).  As a result, postural responses to 

balance perturbations are a unique set of behaviors as they are reliably demonstrated to 

occur at a latency shorter than a voluntary movement, but longer than a spinal reflex (Chan 

et al., 1979; Diener et al., 1984; Ackermann et al., 1991; Jacobs et al., 2008).  

Despite the temporal difference, parallel findings between perturbation and 

voluntary reach to grasp actions in both electromyography and kinematic data, suggest that 

a similar cortical mechanism is responsible for the control of both these movements (Gage 

et al., 2007). Specifically, the perturbation evoked movement response maintains the same 
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sequence of muscle activity and spatial-temporal characteristics as the voluntary reaching 

pattern. The current suggestion is that the system utilizes environmental information 

perceived prior to the fall to generate these actions (Gage et al., 2007).  

Bolton et al., (2011) illustrated that cortical centers mediate perturbation-evoked 

reactions, specifically in terms of generating preparatory responses to unintended action 

possibilities. This has been suggested to be accomplished through anticipatory control that 

involves processes such as expectation, intention, and anxiety (Horak et al., 1989; 

Ackermann et al., 1991; Maki & Whitelaw, 1993; Gottlieb & Agarwal, 1980; McIlroy & 

Maki, 1993; Burleigh & Horak, 1996; Grin et al., 2007; Jacobs & Horak, 2007). These 

processes are considered in relation to the environment the system is facing, such as one 

that may be threatening to balance, such as walking on an icy surface. These processes 

ultimately affect the ‘central set’, which is a state of readiness of the system for a stimulus 

or movement (Jacobs, et al., 2008).  

Scott’s (2016) model of automatic control outlines the respective latencies of object 

perception that is triggered by sensory stimuli in response to perturbations to the system. 

For example, during the initiation of a fall, the vestibular system would detect changes in 

balance and spatial orientation that would allow the system to recognize it is in a state of 

threat. At an initial latency of 25 ms (R1) the first feedback response is generated 

(Rossignol et al., 2006; Zehr et al., 2004). This response does not display features that are 

related to goal-directed actions; however, it has an impact on higher level control systems 

through its ability to stop an ongoing corrective process (Kurtzer, et al., 2010).  Following 

the R1 spinal-generated response, the R2 response occurs at 60 ms post perturbation (Scott 
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et al., 2015; Pruszynski & Scott, 2012; Kurtzer, 2014). This response is representative of 

the physics of the limb and also the environment that system currently occupies, including 

information regarding graspable objects (Kimura et al., 2006; Krutky et al., 2013; Kurtzer 

et al., 2009: Kurtzer et al., 2008; Shemmell et al., 2009; Soechting & Lacquaniti, 1988; 

Walker & Perreault, 2015; Crevecoeur et al., 2016).  These findings are suggestive that the 

system is using information perceived prior to perturbation onset to drive these rapid R2 

responses.   

1.5 An Internal Model Posited Through Ecological Psychology 

Two temporally separated events are considered by the system in relation to a 

balance perturbation (Mochizuki et al., 2010). First, the context in which the instability 

occurs. This includes information regarding the current state of the system (i.e., walking or 

standing), the environment it is facing (i.e., dry surface or wet surface) and objects 

contained within that environment. This information is used to build a visual spatial map 

that is continuously updated through visual inputs. This map is critical in allowing the 

system to recognize the environment and provide information regarding the possible nature 

of a perturbation should one occur (Jacobs & Horak, 2007; Gage et al., 2007). This 

information is used to ensure that the initial limb trajectory and transport phase of a 

compensatory reach to grasp action can be directed towards a target as quickly as possible 

(Maki & McIlroy, 1997; Ghafouri et al., 2004). Second, is the outcome of the perturbation, 

related to the magnitude, direction and velocity of the instability. This information is only 

received once the perturbation has been initiated. For example, wrist trajectory has been 

shown to be influenced by the direction of the perturbation, suggesting target specific 
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control responses initiated within 100 ms post perturbation (Gage et al., 2007). Planned 

actions are additionally crucial for generating a rapid stabilizing force once the support 

surface has been contacted (Gage et al., 2007). Perpetrator electromyography activity has 

been observed in the forearm, deltoid and triceps prior to hand contact. The upper limb is 

rapidly guided to the target until just prior to contact, where it is slowed down in order to 

allow for a greater probability of grasping and mitigating damage to the hand. As such, 

specific muscular control of limb geometry is occurring even at these short latencies (Gage, 

et al., 2007). 

Once a loss of balance occurs, the spatial map is integrated with online multisensory 

information (e.g., magnitude, direction and velocity of the perturbation). The combination 

of these two streams of information produce a functional strategy that drives rapid targeted 

actions at regaining balance (Zettel et al., 2005; 2007; Cheng et al., 2012). This theory is 

supported through visual occlusion studies that report visual occlusion at the moment of 

perturbation onset does not impede the participant’s ability to make target specific 

corrective actions, despite the characteristics of the perturbation being unknown prior to 

the fall (Ghafouri et al., 2004; Akram et al., 2013). Studies employing lower body stepping 

reactions to a whole-body perturbation have demonstrated that in the absence of online 

visual feedback, compensatory stepping actions are successful in an obstacle ridden 

environment (Zettel et al., 2007). It was reported that once perturbed, visual gaze was never 

redirected at any obstacles, or landing site, but was rather fixed substantially anterior to the 

step landing site. The information that drove these corrective actions was suggested to be 

perceived prior to perturbation onset (Zettel et al., 2005; 2007).  
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These results are consistent with an ecological model of internal environment 

representation. Specifically, it is the ability of an intact human motor system to 

continuously perceive sensory information from the environment that is collected to build 

an internal descriptive representation of objects in the external world (Marr, 1982). This 

internal representation does not require conscious attentional resources to generate and is 

thus free of impacting daily executive functioning (Cardellicchio et al., 2011). Additionally, 

this representation includes potential actions that the environment currently affords 

(Gibson, 1979; Fadiga et al., 2000; Cisek, 2001). These action potentials are updated to 

reflect the environmental parameters that are currently being faced by the system (Kalaska 

et al., 1998; Kim & Shadlen, 1999; Cisek, 2001; Gold & Shadlen, 2001; Cisek & Kalaska, 

2005). This process takes into consideration object visual features in the environment 

present in both foveal and peripheral visual fields at a latency of 120 ms post object 

presentation (Akram et al., 2013; McDannald, 2018). As a result, the system’s awareness 

of the environment occurs in a time frame that would be too long to recover from a balance 

perturbation if this process occurred directly at the onset of the fall.  

As such, this begins to raise the question as to whether object visual features 

(PPA’s), present in the optic array, are integrated by the system into this internal 

representation of the external world. It has been suggested that the same cortical networks 

involved in voluntary reach to grasp actions regulate perturbation evoked actions (Gage, et 

al., 2007, Bolton, et al., 2011). It is reasonable, based on this earlier evidence, to assume 

that the information regarding objects PPA’s integrated by the AIP-PMv-M1 chain and 

other cortical networks would be used to generate preparatory strategies in premotor 
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cortical areas such as F5 and F6, in the event of an unintended balance perturbation. It is 

this assumption that leads directly to the research questions posed in this thesis: 1) To what 

degree does this preparation reflect the ability for the objects to be utilized by the system 

in situations of postural threat? 2) Is preparatory information modulated by the optimality 

of the object to afford a compensatory grasping action? 3) Is visual information perceived 

at the moment of perturbation onset sufficient to drive successful compensatory reach to 

grasp actions? 

It is hypothesized that affordance information regarding objects in the peripersonal 

space and presumably integrated by the AIP-PMv-M1 chain is mediated by the potential 

for objects to be utilized in perturbed balance recovery actions. This will be reflected in the 

magnitude of concentration increases of oxygenated hemoglobin in the premotor cortices. 

Specifically, this increase would occur in the hemisphere representative of the limb that 

would be best suited to take advantage of that affordance, prior to perturbation onset. Thus, 

objects that would be most optimal (defined as the potential for an object to be used without 

excessive pronation or supination of the wrist) would produce the greatest concentration 

change increase.   

1.6 Purpose 

The objective of this study is to extend current research exploring the action-

perception properties of affordances beyond volitional movements through studying innate 

mechanisms that drive and regulate balance in the event of unintended perturbations. The 

degree to which PPA’s may be incorporated into a continuous environmental awareness 

that can then be used for both intended and unintended (i.e., during grasp-related actions to 
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reestablish balance) actions remains unclear. Specifically, this research addresses the 

question of whether/how PPA’s are perceived and integrated by the system prior to a fall 

and to what degree this integration reflects the optimality of the object to be utilized in a 

potential situation of balance threat. This study, to the best of our knowledge, would be the 

first to test the influence that objects within the environment have on the priming of the 

perceptual-motor system in response to situations of threat, using hemodynamic measures 

of cortical activation. In this case, priming refers to the presentation of PPA’s where 

activation of cortical regions responsible for planning reach to grasp actions occur as a 

direct result of the objects ability to afford compensatory action. By investigating the 

neurophysiological contributions relative to varying object affordances, this study linked 

ecological theory to neurological connectivity in a novel way. 

1.7 Impact 

The knowledge gained through a better understanding of the innate mechanisms 

that drive and regulate postural balance in the event of unintended perturbations was 

expected to meaningfully extend current research exploring the action-perception 

properties of affordances beyond actions associated with volitional movements. 

Additionally, these results were expected to have the potential to provide fundamental new 

insights into applications that may serve to inform best practices for fall prevention 

research.   

2.0 FUNCTIONAL NEAR-INFRARED SPECTROSCOPY  

2.1 Neuronal Metabolism  

During a response to an environmental stimulus, the brain undergoes a number of 
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physiological changes in electrical activity and blood hemoglobin levels. These changes 

produce differential optical properties in the brain that can be captured through optical 

imaging by using light in the near-infrared range (Jobsis, 1977).  

Neural activity is powered by oxidative phosphorylation, in which adenosine 

triphosphate (ATP) is formed due to the transfer of electrons across the electron transport 

chain through chemiosmosis (Hall et al., 2012). Oxidative phosphorylation is responsible 

for 87% of ATP generated in the neuronal cell body (Kety, 1957; Sokoloff, 1960). As a 

result, brain activity is dependent on the ability of vascular channels to provide cortical 

regions with blood that is rich in oxygen and glucose (Attwell & Laughlin, 2001). 

Immediately following neuronal activation, the available substrate in that region is utilized. 

This reduction in glucose and oxygen stimulates the brain to increase local arterial 

vasodilation. Subsequently, cerebral blood flow and volume increase in the region known 

as neurovascular coupling (Gratton et al., 2001), which is achieved due to a highly-

developed network of capillaries and vessels at distances of 20-40 µm that are embedded 

within the cortical structures. These channels allow for blood flow to match the degree of 

neuronal activity in those regions (Villringer & Dirnagl, 1995; Hirase et al., 2004). As a 

result, there is a temporal relationship between neuronal activity and mitochondrial 

function, which exists as long as sufficient substrate is provided to the active tissue. It has 

been demonstrated that rapid calcium dependent mitochondrial NAD(P)H oxidation and 

oxygen consumption occurs 200 ms following purkinje neuron depolarization (Hayakawa, 

Nemoto, et al., 2005). These purkinje neurons are imperative in motor coordination as they 

send inhibitory projections to the deep cerebellar nuclei and are the single output for motor 
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coordination in the cerebellar cortex. This increase in blood to the area usually exceeds the 

amount required for neuronal oxygen utilization which produces an overabundance in the 

active cortical area (Fox et al., 1988). fNIRS imaging takes advantage of this 

overabundance of blood flow and the different hemoglobin species contained within.  

2.2 Optical Histo-physiology 

Oxygenated (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) poses optical 

properties that are visible in the near-infrared light range. These can be used to measure 

changes in the ratio of their concentration during neurovascular coupling (Chance et al., 

1993; Villringer & Chance, 1997). The majority of biological tissue is transparent to light 

in the near infrared range between 700-1000 nm due to their absorption of light being quite 

small (Farzin et al., 2007). The chromophores of oxy-Hb and deoxy-Hb, however are able 

to absorb certain wavelengths at this range known as the optical window (Jobsis, 1977). A 

chromophore is a region in a molecule in which light of a certain wavelength is absorbed. 

Specifically, it is a region in which two separate molecular orbitals possess an energy 

difference that is within the range of the visible spectrum. As such, a chromophore is 

denoted as the functional group that causes a conformational change in the structure of the 

molecule when hit by light energy. This light can thus be absorbed by exciting an electron 

from its ground state into an excited state. Oxy-Hb and deoxy-Hb species have different 

absorption coefficients, which relate to how likely a photon is to get absorbed as it moves 

through this medium. A larger absorption coefficient value mean it’s more likely to get 

absorbed.  
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In this optical window, the absorption by water is relatively low and the absorption 

is dominated by hemoglobin. When photons are projected into the scalp by the source 

diode, they pass through the upper scalp and are scattered throughout the tissue. Three main 

types of scattering of photons in biological tissue exist: rayleigh, debye, and mie scattering. 

Mie scattering occurs for particles that have larger radii than λ and this is what is seen in 

fNIRS imaging. As these particles propagate throughout the scalp, skull, cerebrospinal 

fluid, and upper cortical regions, they are reflected and scattered. Some of these photons 

are intercepted through absorption by oxy-Hb and deoxy-Hb (Gratton et al., 1994). The 

photons that reflect and follow an elliptical path back to the surface of the skull are 

measured using the detector optode (Gratton et al., 1994). As chromophore concentration 

change during neurovascular coupling, so to do the intensity of the reflected light which is 

quantified by using a modified Beer-Lambert law, which relates the light attenuation to 

properties of the material in which it is travelling. This law helps to resolve the scattering 

of photons that are reflected by oxy-HB and deoxy-HB and passed through the scalp (Cope 

& Delpy, 1988; Cope, 1991).  

Oxy-Hb and deoxy-Hb have an isosbestic point of 810 nm in which light absorption 

is identical between the two molecules. This is due to a relation in the linearity of the 

stoichiometry of the molecules. As a result, the relative concentration of the two 

chromophores can be measured by measuring absorbance/reflectance changes at two 

wavelengths, one which is specific to oxy-Hb and one that is specific for deoxy-Hb (Figure 

1). If photons from at least two wavelengths of light are sent into the system and the change 

in absorption over time is assumed to be due changes in the concentration of oxy-Hb and 
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deoxy-Hb, then the photons are inversely proportional to the concertation of the 

chromophores along the optical path that was traveled. Additionally, water is assumed to 

be a constant background in this model. 

 

Figure 1: Graphical representation of chromophore concertation (OD mm−1μM−1) as 

a function of wavelength (nm). At an isobestic point of 810nm oxy-Hb and deoxy-Hb 

species experience chromophore concentration differences in the near infrared range 

(650-950 nm) adapted from (Farzin et al., 2007).  

 

2.3 The Temporal Resolution of the fNIRS Signal 

Arterial vasodilation and the influx of blood flow that follows cortical region 

activation, begins with a rapid increase in oxy-Hb, in addition to a slower, lower amplitude 

decrease in deoxy-Hb (Leff, et al., 2011). These changes, as well as an overall increase in 

hemoglobin concentration are illustrated in the fNIRS data (Figure 2). Specifically, there is 
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a delay of response greater than 2s between stimulus onset to hemodynamic changes. 

Concentration levels of Oxy-Hb and total hemoglobin typically peak within 5-10s 

following motor stimulation, followed by a subsequent decrease during the remainder of 

motor stimulation (Akiyama et al., 2006; Colier et al., 1997; Durduran et al., 2004; Hirth 

et al., 1997; Horovitz & Gore, 2003; Maki et al., 1995, 1996; Mehagnoul-Schipper et al., 

2002; Miyai et al., 2001; Obrig et al., 1996a; Sato et al., 2006; Strangman et al., 2003; 

Toronov et al., 2000, 2001; Watanabe et al., 1996; Wolf et al., 2002; Leff et al., 2011). 

However, the time for deoxy-Hb to reach its lowest concentration is more variable and may 

not occur for 15s post motor stimulation onset. Generally, there is a 1-2s temporal offset 

between oxy-Hb and deoxy-Hb (Toronov et al., 2001; Franceschini et al., 2003; Jasdzewski 

et al., 2003). These times, however, are not fixed or predictable and rather depend on the 

chromophore concentration, the type of motor stimulation, and the duration of its 

onset/offset. Additionally, the rest period in between stimulations period will have an effect 

on subsequent trials if not performed for an appropriate amount of time. Generally, as the 

duration of motor stimulation increases, so to do the time to peak and time to lowest 

concentration for the oxy-Hb and deoxy-Hb respectively (Leff et al., 2011). Due to a 

general lack of reporting regrading hemodynamic recovery data it is difficult to determine 

a standard time. However, from the data that is available, a 10-15s period is sufficient for 

typical stimulation protocols (Obrig et al., 1997; Toronov et al., 2001; Boden et al., 2007; 

Leff et al., 2011). 
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Figure 2: A typical graphical representation of changes in magnitude of oxy-Hb 

and deoxy-Hb concentration [m(mol/l)*mm] as a function of time (s) in the right 

hemisphere during an experimental trial. Stimulus duration occurs from 0 to 15s.  

Peak concertation increase of oxy-Hb occurs ~7s post stimulus onset. Time to 

nadir for deoxy-Hb occurs ~8s post stimulus onset (Wriessnegger et al., 2008).  

 

2.4 Validity of the fNIRS System  

Several comparative analyses have been performed to test the validity of the fNIRS 

platform relative to more established brain imaging equipment such as fMRI, currently 

considered the gold standard for measuring functional brain activation (Irani et al., 2007). 

Both are indirect measures of neuronal activity, with a temporal resolution on the order of 

seconds, due to the hemodynamic response that they measure. As a result, fMRI is good 

comparative platform to examine the validity of the fNIRS signal.  

High temporal correlations between the BOLD signal in fMRI and the deoxy-Hb 

concentration in fNIRS during a motor task has been shown (Toronov et al., 2001). 
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Additionally, amplitude correspondence between the BOLD and deoxy-Hb signal were 

shown to be highly correlated, even when accounting for biological tissue of the scalp and 

skull (Strangman et al., 2002). These findings have been extended to a simple motor task, 

in which fNIRS and fMRI was concurrently recorded. Both measures showed significant 

correlation across all participants regarding the level of activity in the motor and sensory 

cortices (Huppert et al., 2006; Schroeter et al., 2006).  

The within-subject stability of detected cortical activity with fNIRS has been tested 

and found to be highly reproducible across all participants in regards to the location, 

quantity and temporal information of the detected signal over a six-month test and re-test 

period (Plichta et al., 2006, Sato et al., 2006). As a result, due to the high correlation 

between task induced hemodynamic changes recorded by fMRI and fNIRS, the fNIRS 

measure technique reliably monitors brain hemodynamic changes that corresponds with 

functional brain activation (Mackert et al., 2008; Sander et al., 2007; Leff et al., 2011).  

 

3.0 METHODS 

3.1 Participants 

Twenty-two participants (10 males, 12 females; mean age 23.8 ± 2.1 years) from 

the McMaster University community participated in this experiment. All participants 

possessed normal or corrected-to-normal vision, were free of any neurological impairment 

affecting cortical function or upper limb function, were free of any upper extremity disorder 

or injury and were right hand dominant as determined by the Edinburgh Handedness 

Questionnaire (Oldfield, 1971). Following participant recruitment, anthropometric 

measures of arm limb length and head circumference were recorded. Limb length was 
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calculated as the length between the acromion to the end of the third digit when the 

participants arm is outstretched. Limb length was used in order to ensure that the objects 

were presented within the graspable reach of the participant. In the current study, graspable 

objects were presented at a distance to the participant representative of ~75% of their arm 

length. Head circumference was measured in order to ensure that the NIRSport cap was a 

proper fit for the participant. This was accomplished through measuring the circumference 

of the head from the bridge of the nose to the inion at the base of the skull. Participants 

were given a pair of noise cancelling uncorded ear plugs (Uline Uncorded Earplugs, Uline, 

Milton, ON) to wear during the experiment to prevent them from hearing when the release 

pin on the chair was pulled. Participants were compensated $20 for their time. 

3.2 Stimuli  

Three stimuli were used in this experiment. Two of the stimuli consisted of a 

graspable pole that was presented in two orientations (LR orthogonal, RL orthogonal). 

Additionally, a flat surface was used to act as a control (C). This control stimulus did not 

afford any form of graspable action. Both graspable stimuli used in this experiment were 

constructed out of 1.5-inch outer diameter metal grasping handle that was 16 inches in 

length. The poles external diameter was between 32 mm to 51 mm defined as the standard 

for hand rail designs by the 2010 ASD standards for accessible design (United States 

Department of Justice, 2010). The pipe was covered in black grip tape and mounted onto a 

16-inch piece of flat pine wood. A bolt was placed centrally in the wood so that it could be 

loosened and tightened in order to set the pole to the varying orientations outlined above. 

For the control condition, a 12-inch square board of plywood was centrally mounted with 
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the same bolt system. These objects were then mounted to a wooden support structure that 

kept the objects stable and could support the weight of the participants grasp. The support 

structure also allowed for the poles to be adjusted based on the size of the participant (i.e., 

the height, width and depth of the pole position could be changed). The graspable poles 

were positioned such that the center of each pole was in line with the participants shoulder 

of the respective side. 

During the experimental protocol, participants were presented with two objects in 

front of them at all times (i.e., one on their left and one on their right side). Therefore, there 

are nine possible combinations with the objects outlined above (LR LR, LR RL, LR C, RL 

LR, RL RL, RL C, C LR, C RL, C C) (Figure 3). These stimuli were presented twice and 

each object was presented on each side six times. Additionally, two catch trials were 

included in which a posterior tilt perturbation was not delivered. This arrangement thus 

resulted in 20 experimental trials to comprise part 1 of the experiment. Throughout these 

trials, hemodynamic changes in the right and left pre-motor cortices, during a visual 

preparatory period of 15±5s prior to perturbation onset, were measured using a continuous 

wave functional near infrared spectroscopy system (NIRSport, NIRX Medizintechnik, 

Germany). Following these 20 experimental trials, an additional 10 trials were performed 

in which participants experienced the posterior tilt perturbation but did not receive vision 

until the moment of perturbation onset (part 2 of the experiment). For this part, each 

stimulus combination pair was presented once (n=9), in addition to one catch trial. The 

order of these stimulus combinations was randomized for each participant. fNIRS data was 

not collected due to the short temporal window of stimulus presentation. 
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Figure 3: Two-dimensional representation of the nine stimulus combinations used 

in this experiment. 

 

3.3 Apparatus 

Performing a whole-body perturbation allows the system to use compensatory 

strategies involving both the lower limb and upper limb. As the purpose of this study was 

to determine the cortical contributions to graspable objects, perturbations were restricted 

such that upper-limb prehension was the only compensatory strategy that could be used. 

As a result, participants were seated in a custom-designed chair that delivered whole-body 

perturbations by posteriorly tilting 30° in the sagittal plane (Figure 4). Participant’s feet 

were resting on an elevated platform such that their knees were bent at ~90°.  

The chair was mounted onto a hinge that provided the 30° posterior tilt (i.e., the 

maximum tilt that the hinge would allow the chair to traverse). Posterior tilts were caused 

by a weighted cable that was attached to the top of the chair. Once a mechanical release pin 

was pulled from the hinge, the chair was pulled posteriorly by the weight of the attached 
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cable. The chair was stopped by foam safety pads mounted on the rear of the structural 

base, that prevented the participant from experiencing a large deceleration or jerking 

movement when the chair reached the maximum tilt angle of 30°. An arduino prototyping 

platform board (Mouser Electronics, Tex, United States) was mounted on the top of the 

chair to measure the time between the start and end of the perturbation. A goniometer was 

used to measure the angle and distance of the posterior tilt experienced by the chair. 

Velocity and acceleration were calculated using the data obtained from these devices and 

was found to be between 0.69 m/s2(chair only) and 1.84 m/s2 (person in the chair). 

These accelerations were consistent with previous research, which delivered perturbations 

at an acceleration of 1-2 m/s2 (King et al., 2010; Sarraf et al, 2014). Participants were 

strapped into the chair with a belt over their trunk and waist to prevent lateral translation of 

their body during the tilt. These belts did not impede their ability to make upper body 

corrective movements with their arms. Participants’ head was placed on a padded head rest 

that cushioned their head and neck during the deceleration phase of the perturbation. 

Additionally, the participants were able to lean the back of their head against the pad when 

the chair was upright thereby preventing excessive movement of the fNIRS cap and 

reducing strain of the participants neck to keep their head upright. Similar apparatuses have 

been used in other fall research involving grasping (Van Ooteghem et al., 2013; Gage et 

al., 2007; Akram et al., 2013). 
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Figure 4: Depiction of the apparatus. The chair was mounted on an axis of 

rotation such that a posterior translation (30°) from the starting position could be 

delivered. The orange chain represents the weighted cable and the two graspable 

poles are displayed in yellow.  

 

3.4 Video Recording 

A GoPro Hero 3 camera was mounted facing the participants above the rigging that 

supported the graspable objects. This allowed for video recording of the upper-limb 

compensatory reactions that participants performed in response to the perturbation. These 

data were used in order to assess the behavioral compensatory reach-to-grasp actions 

executed by the participants.  

3.5 Assessing Motor Activity  

In order to measure hemodynamic changes in the right and left premotor and motor 

cortices (M1), a multi-channel continuous wave imaging system NIRSport (NIRX 

Medizintechnik) was used at a sampling rate of 7.81 Hz. This is a continuous wave fNIRS 

system in which light is emitted from the optode at a constant amplitude and measurement 

is achieved through attenuation of the reflected light. The intensity of light applied to the 

sample remains constant and the intensity of light that comes out is measured continuously. 
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This process allows for a greater temporal resolution to capture dynamic changes in the 

brains histophysiology compared to other fNIRS imaging systems. (Hoshi, 2003; Izzetoglu 

et al., 2004; Obrig & Villringer, 2003). This application also provides advantages over other 

fNIRS platforms as LED optodes are used, rather than lasers, making testing safer with 

respect to the eyes. Additionally, the equipment is portable and is able to be stored in a 

backpack to allow for ecological applications in the testing of participants in operational 

environments (Izzetoglu et al., 2004). 

The system uses near-infrared light at two wavelengths (760 nm and 850 nm) in 

order to detect concentration changes in deoxy-Hb and oxy-Hb respectively. The detector 

and source optodes were set 3 cm apart. This allowed activity to be measured from the top 

2-3 mm of the cortex (as well as 1 cm lateral on either side perpendicular to the axis of the 

source and detector optode spacing) (Chance et al., 1988; Tamura et al., 1997; Firbank et 

al., 1998). This measurement depth allowed for detection of hemoglobin concentration 

changes in the grey matter, which is where information integration is suggested to take 

place (Herrera-Vega et al., 2017).  

Two 4x4 source-detector sets consisting of 4 source and 4 detector optodes each 

were used in order to measure hemodynamic changes in premotor cortex in the right and 

left hemisphere, in response to object orientation prior to a perturbation. The sensing 

geometry of this montage was registered to a human atlas using a NIRSite (NIRX 

Medizintechnik) computer application. This application provides the x, y and z position 

coordinates of each optode. This system, however, does not account for the stretch of the 

fNIRS cap over a participant’s head and the shift in position of the optodes that may occur. 
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As a result, these coordinates were cross checked using neuronavigation, which allows for 

a more realistic depiction of the optode positions by having a research assistant sit upright 

in a chair while wearing the fNIRS cap without any source detectors attached. Brainsight 

neuronavigation (Rogue Research) was then used to determine the x, y and z coordinates 

of each of the source detector optode holders. The resulting coordinates were compared 

with those determined from NIRSite. Due to these caps being a relative system, these 

coordinates should be comparable across all participants. Detectors 3 and 7 were positioned 

over C3 and C4 respectively.  A 3-dimensional atlas (Collin-27 brain template) was then 

registered with these coordinates using AtlasViewer software (National Institutes of Health) 

(Collin et al., 1994). The program projects topographical data based on skull landmarks 

associated with the 10-20-system. The reference points for this Atlas were set with the 

landmarks cz, nz, rpa, lpa, and iz. This allowed the atlas to be registered to the dimensions 

of the participant’s head, thus allowing for a more accurate depiction of the source detector 

positions. Once the source-detector optodes were registered using the x, y and z 

coordinates, the 20 recording channels were added and projected onto the cortical surface 

of the atlas. This produced the specific coordinates of the cortical surfaces measured by 

each channel using the Montreal Neurological Institute (MNI) coordinate system. These 

coordinates are subject to inter-individual variability; however, this procedure allows for 

the most probabilistic reference to cortical areas of the brain surface underlying the 

channels for this study (Hofmann et al., 2008). These coordinates were then inputted into 

BioImage Suite to determine the respective cortical region measured by each channel. 
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BioImage Suite uses the Colin brain atlas to map MNI coordinates using a BioImage Suite 

derived tracing tool (Organization for human brain mapping, 2008).  

3.6 Motor Cortex Sensing Geometry 

The international 10-20 system was used in order to locate M1 in the right and left 

hemisphere of participants (Figure 5). This was accomplished by measuring the distance 

between the nasion and inion, as well as the left pre-ocular point and right pre-ocular point. 

The nasion is a depressed area located in between the eyes and is just above the bridge of 

the nose, while the inion is the crest at the back of the skull. The pre-ocular points are a 

cartilage projection from the pinna of the ear. Once these values were recorded, the Cz 

point (middle of the head) was determined by calculating the midpoint between the two 

measures previously stated. Once Cz was located, C3 (representative of M1 of the left 

hemisphere) was determined by calculating 20% of the distance between the right and left 

pre-ocular points. This value was then used to measure a line perpendicular from Cz to the 

left pre-ocular point. The end of this line represented C3. The same procedure was used to 

identify C4 (representative of M1 of the right hemisphere) using the right pre-ocular point. 

These values were used to ensure that detector 3 and 7 were positioned over M1 of the left 

and right hemisphere respectively for each participant. This increased the reliability of the 

cortical detecting space for each participant.  
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Figure 5: Cortical region representation using the international 10-20 system. C3 

and C4 estimates the spatial location of the left and right primary motor cortex 

respectively. 

 

3.7 Protocol  

3.7.1 Dark Noise Test 

Prior to participants entering the lab, a dark noise test was performed on the NIRS 

equipment. Dark noise is produced by a photo-detector when there is complete shielding 

from all external optical radiation and voltages are applied to the photo-detector and it is 

indicative of those used during experimental operation (Desai & Valentino, 2011). This is 

performed in order to assess the level of noise that is inherent in the fNIRS system, as 

excessive noise can compromise the quality of the data (Muhogora, et al., 2011). 
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Specifically, the noise level across each detector was checked to be near the same value 

under 1.5 mV, with a gain of 0. 

3.7.2 Calibration 

The fNIRS cap was populated with the source detector pairs and placed on the 

participant’s head using spring tension caps as well as a zipper “over cap” that added 

pressure to the optodes. Each channel was then inspected for hair that could interfere with 

the connection between the sour/detector and the scalp. If hair was present, it was carefully 

removed from the area with a Q-tip. Calibration was then performed to check that each 

source and detector pair were communicating and that the signal was not impeded by hair 

that might have been missed during the first removal. Additionally, during calibration, the 

instrument determined the optimal gain for each of the source detector pairs. The gain levels 

were numbered from 0 to 2 with a 10-fold amplification factor applied with each level. The 

gain was evaluated through the calculated mean from 4 scans for each amplification level 

and considered optimal if the raw signal from a channel fell between 0.4V and 4.0V.  

During this time, the quality of the signal was updated to reflect the gain settings as well as 

noise apparent in the signal. Three levels of data quality were identified by the system for 

each channel. Green= Good, Yellow= Acceptable, Red= Reject (hair between the optode 

and the scalp can impede the ability for source detector communication and thus the data 

quality). Data collection was only performed if all channels were green. If a channel 

appeared yellow or red, the corresponding source detector pair for that channel was 

identified and further hair removal was performed. 
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3.7.3 Acquisition of Experimental Trial 

3.7.3.1 Part 1 Baseline 

Participants wore safety goggles covered in black electrical tape to block their 

visions when the graspable objects were set up before each trial. During this time, 

participants were seated comfortably with their arms relaxed and their hands resting on 

their thighs with their palms down. This time (~2.5 minutes) allowed for hemodynamic 

changes incurred due to previous activity to return to a resting level. It has been shown that 

a 10-15s rest period is sufficient for typical stimulation protocols (Obrig et al., 1997; 

Toronov et al., 2001; Boden et al., 2007; Leff et al., 2011). Due to the intense nature of the 

perturbation stimulus however, 2.5 minutes were provided. Once the 2.5 minutes had 

elapsed, a 30s baseline fNIRS measurement was recorded. Participants continued to wear 

the safety googles during this time and were instructed to sit as still as possible and relax.  

A baseline measurement was recorded prior to each trial as each recording during 

the experimental trial was averaged to the preceding baseline in order to capture increases 

in the cardiac cycle that may occur over successive trials that was not recovered during the 

2.5-minute rest. This was accomplished by subtracting the average of the baseline from all 

data points of the stimuli trace. Additionally, as fNIRS measures relative hemodynamic 

changes in the cortex, the baseline was used to act as a reference value to which all other 

changes during the stimuli protocol were compared to. As such, any increases or decrease 

in hemoglobin species as a result of the stimuli were relative to the previous baseline.   
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3.7.3.2 Part 1 Experimental Trials 

A trial began with a baseline recording. Following the 30s, the goggles were 

carefully removed by a research assistant, thus revealing both objects to the participant. At 

this point, the participant was able to view the objects for a period of 15s. Participants were 

instructed to only shift their gaze and to keep their head as still as possible.  Based on 

previous literature, 15s is sufficient time for the hemodynamic response to reach a peak for 

that trial (Akiyama et al., 2006; Colier et al., 1997; Durduran et al., 2004; Hirth et al., 1997; 

Horovitz & Gore, 2003; Leff et al., 2011; Mackert et al., 2008; Maki et al., 1995, 1996; 

Mehagnoul-Schipper et al., 2002; Miyai et al., 2001; Obrig et al., 1996a; Strangman et al., 

2003; Toronov et al., 2000, 2001; Watanabe et al., 1996; Wolf et al., 2002;). Once the 15s 

had elapsed, a variable foreperiod (0-5s) began in which participants experienced a fall 

during non-catch trials. Participants were instructed, that when the perturbation was 

initiated, to respond by grasping an object with whichever arm they choose, in order to 

prevent themselves from falling backwards. If they chose to respond with their right arm, 

they were required to reach out for the right object. The same was true for the left. This was 

required to preserve the compatibility nature of the two graspable stimuli. fNIRS recording 

occurred concurrently throughout the entire trial and was ended 10s after the tilt. Once the 

fall had occurred, participants were pushed back into position and the chair was locked at 

the original vertical orientation. The safety googles were placed back on the participant and 

they were given a 2.5-minute break, while the researcher prepared the next set of stimuli. 

This protocol was repeated for the 20 experimental trials. 
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3.7.3.3 Part 2 Experimental Trials 

 During part of the experimental protocol, 10 trials were performed in which 

participants wore a pair of PLATO visual occlusion spectacles (Translucent Technologies 

Inc., Milgram, 1987).  fNIRS recording was not performed during this part of the 

experiment. Participants sat in the same chair in the same position as outlined in Part 1. 

Participants sat with the occlusion spectacles closed so that they could not see the objects 

in front of them. Once the objects were set up, participants sat in the chair for a variable 

foreperiod (0-15s) in which a posterior tilt occurred. The occlusion spectacles opened to 

reveal the two objects at the moment that the posterior tilt was initiated. Participants were 

asked to reach out in the same manner as described in Part 1, to mitigate the posterior tilt. 

Behavioral reaching responses were recorded via a video camera.  

3.8 fNIRS Data Processing 

The forward model was used to describe the physics of how light shined through 

the scalp propagates down into the head. A fundamental principal of this model is that the 

absorption coefficient of water in the optical window is low and the scattering of light by 

the tissue is quite high. This allows for inferences to be made regarding the spread of the 

photons into the scalp and focuses the absorption as a result of hemodynamic species in the 

blood. As a result, the goal of the analysis, and processing of the fNIRS data, was to isolate 

the hemodynamic changes occurring in the vascular network of the grey matter which is 

primarily achieved through filtering and discretization. 

Hemodynamic optically measured evoked response (HomER2) (National Institutes 

of Health) is a Matlab based graphical user interface that was employed for the functional 
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analysis of the fNIRS data. This program allows users to customize the data analysis to 

reflect the experiment, such as NIRS probe sensing geometry, the optical wavelength used, 

and the stimulus design. The program allows for three levels of data processing dependent 

on the data inputted. The third level was used for the purpose of this study as it allows for 

processing of multisession group data as well as the averaging from multiple participants 

across multiple trials. The individual participant trials were first processed separately and 

then averaged together in order to produce average responses for a trial for a selected region 

of interest (left or right hemisphere). Additionally, individual computed hemodynamic 

response functions (HRF) were used for statistical analysis. 

3.8.1 Processing Stream  

The raw data was uploaded into Homer2 and HRF’s were generated through a 

custom eight-part processing stream. Prior to filtering, the raw data were converted to 

changes in optical density using the modified Beer–Lambert law. Motion artifacts (MA) 

were then identified using the hmrMotionArtifact-ByChannel function. This function 

identifies MA’s on a channel by channel basis using a predetermined set of thresholds 

related to the changes in standard deviation of the data (STDthreh) or in absolute signal 

amplitude (AMPthresh). A specified period of time (tMotion) was set during which the 

changes are examined. If a MA is identified, the program marks a specified time range 

around it (tMask) in red (the values used in this study were AMPthresh = 1, STDthresh = 

10, tMotion = 0.5s and tMask = 1s). These values were used because they provide a more 

conservative estimate of MA’s. As large spikes were not expected due to the experimental 

protocol, the MA identification was created to be more sensitive to smaller movements that 



M.Sc. Thesis - S. Foglia; McMaster University - Kinesiology. 

 

 36 

may impact the signal. Once MA’s were identified, a target principal component analysis 

(tPCA) was run (hmrMotionCorrectPCArecurse). This function creates a matrix of 

measurements, where the data is arranged as a number of time points by a number of 

channels. This matrix was then transformed into a set of orthogonal vectors in decreasing 

order based on the amount of variance present. The main assumption that underlies this 

process is that an MA, if to occur, would be equally present in all channels. This MA would 

also possess a similar temporal variation among these channels and account for the majority 

of variation. This function was performed solely on the 1s of data that was previously 

identified as containing a MA using the hmrMotionArtifact-ByChannel fucntion. Once the 

segment of time possessing the MA was identified, an N𝑡𝑃𝐶𝐴 number of components are 

then projected out of the data to account for 97% of the variance. The epochs of corrected 

motion are then brought back together (the values used in this study were AMPthresh = 1, 

STDthresh = 10, tMotion = 0.5 s and tMask = 1 s, Nsv= 0.97). These values were set in 

order to match the MA identification function.  

The hmrMotionArtifact-ByChannel function was then re-run in order to identify any 

residual MA’s that were not corrected by the tPCA. The same values were used at outlined 

above. If the data still possessed an MA, all channels from that trial were removed using 

the enStimRejection function. The data were then band-pass filtered with a low pass set at 

0.5 and high pass set at 0.02 Hz. This was performed in order to remove low-frequency 

drifts and high-frequency noise such as cardiac pulsation. Finally, the filtered optical 

density data was then converted to hemoglobin concentration and blocked averaged using 

the hmrBlockAvg function. As such, the mean of the baseline data were subtracted from 
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each data point during the stimulus window.  This produced the relive concentration 

changes in oxy-Hb and deoxy-Hb for each channel. The time range (trange) was set at -25s 

(representative of the bassline measure) and +13s (representative of the stimulus data).  

These values were used rather than the full 30s baseline and 15s stimulus period in order 

to account for potential timing errors during the experimental protocol. These errors could 

have manifested as a result of a miss communication between the researcher and the 

research assistant in terms of removing the goggles after baseline or initiating the 

perturbation too early.  

3.9 Statistical Analysis  

3.9.1 Behavioral Data Part 1 

The behavioral results for part 1of the experimental protocol was computed based 

on the responses made towards a set of stimulus combinations. Reponses were defined as 

either a catch, miss, or flinch (the latter being defined as a motion of the limb without the 

hand leaving contact with the thigh) with either the right, left or both hands, as well as no 

response. The proportion of each response was calculated and graphed. From the 

numerical data, each type of response was collapsed such that a right catch, right miss, or 

right flinch all represented a right-hand response. The same was performed for the left 

hand. Grasping actions made with both hands were removed from the data as errors, as 

participants were instructed to only respond with one hand. The stimulus combinations 

were then defined based on their ability to afford a grasping action to either for the left or 

right hand (Table 1). 
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Stimulus Combination Compatibility 

LR LR Right 

LR RL None 

LR C Left 

RL LR Both 

RL RL Left 

RL C Left 

C LR Right 

C RL Right 

C C None 

 

Table 1: The compatibility of each stimulus set for a right hand/ left hand grasp. 

 

The stimulus combinations LR RL and C C were excluded from the data set as they did 

not represent compatible grasps for either the left or the right hand. In addition, RL LR 

provided equally optimal grasping opportunities for both the left and right hand and, as 

such, the number of responses made by each hand were considered separately. These 

values were then computed using a Pearson’s 2x2 chi-squared test for independence, with 

the factors of hand of response (right or left) and object optimality (right hand or left 

hand). The null hypothesis for this test was set to assume that no association between the 

two categorical variables existed. Adjusted Pearson’s residuals were used for post hoc 

testing and were calculated based on the following equation (Eq. 1). 
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(1) 

 

Where 𝑂𝑖𝑗 − 𝐸𝑖𝑗  are the residuals, 𝑚𝑖 is the row total, 𝑛𝑗 is the column total and N is the 

total number of observations. A Pearson residual whose absolute value was greater than 2 

was set to represent a significant deviation from expectancy.  

3.9.2 Behavioral Data Part 2 

The same process as outlined above was conducted on the behavioral responses for part 2 

of the experimental protocol.  

3.9.3 fNIRS Data 

Continuous wave fNIRS systems work by measuring hemodynamic changes 

relative to a baseline. These values do not correspond to the exact amount of hemoglobin 

species present in the detected grey matter, but rather represent a relative increase or 

decrease in response to a stimulus. Sample based statistical tests are limited in terms of 

their ability to utilize the time course of the data. As a result, modeling the NIRS data is 

based on an assumption of linear addition of hemodynamic changes over time in order to 

assess these changes in response to stimuli. The effects of the hemodynamic change were 

added in order to form the measured signal change (Eq. 2) (Huppert et al., 2009).  
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                                                    Y=Ustim ⦻ β+e                                                               (2) 

 

In this equation, Y represents the recorded time series of the observation of the 

hemodynamic variable, β represents the parameter vector that is being solved, ⦻ represents 

the convolution of the regression variable (timing of stimuli) with the impulse response to 

that regressor (hemodynamic response) and e represents the error term which is assumed 

to be normally distributed, zero-mean, random noise. In order to estimate the mean effect 

of each of the individual functional responses, a deconvolution of Eq. 1 was performed, 

allowing the construction of a full-time course of the evoked response by estimating each 

point independently. This produced the shape of the evoked response, with the temporal 

window of interest being the duration of a single trial (13s). Through this, an a priori 

assumption was made regarding the temporal shape of the hemodynamic response. 

Specifically, a canonical temporal basis set models the response as a combination of one or 

more Gaussian functions (Boas et al., 2004; Gibson et al., 2005; Gratton et al., 2005; 

Huppert et al., 2009). The assumption, therefore, is that the evoked hemodynamic response 

can be modeled as a linear combination of these functions. This allowed the evoked 

response to be reduced into numerical values that could be used for statistical analysis, 

ultimately allowing for comparisons in the magnitude of hemoglobin concentration 

changes over time. Canonical based models have been shown to improve the contrast-to-

noise ratio of the hemodynamic response (Toronov et al., 2000; Zhang et al., 2005; 

Schroeter et al., 2004). 

As stated earlier, participants were given a minimum of 15s to observe the objects 
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prior to the perturbation. This window of stimulation was reduced to 13s for the purpose of 

analysis. As such, the concertation changes of hemoglobin over the 13s was baseline 

corrected by removing the mean activity in the interval of 25s prior to stimulus onset. It 

was expected that the 13s window will contain the peak concentration change in oxy-Hb, 

which typically occurs between 5-10s post stimulus onset (Akiyama et al., 2006; Colier et 

al., 1997; Durduran et al., 2004; Hirth et al., 1997; Horovitz & Gore, 2003; Leff et al., 2011; 

Mackert et al., 2008; Maki et al., 1995, 1996; Mehagnoul-Schipper et al., 2002; Miyai et 

al., 2001; Obrig et al., 1996a; Strangman et al., 2003; Toronov et al., 2000, 2001; Watanabe 

et al., 1996; Wolf et al., 2002). Once the data were processed at the group level (stage 3), 

all channels for each condition were numerically checked to determine the specific time of 

peak oxy-Hb amplitude. HRF inspection on each channel for each condition was then 

performed. Neural activity typically leads to an increase in oxy-Hb and a decrease in deoxy-

Hb with these relative changes then used as a visual marker for the presence of an HRF. 

Once visual inspection suggested a potential channel, the presence of an HRF was 

numerically checked by determining if a two-fold increase in oxy-Hb occurred (Obrig & 

Villringer, 2003; Strangman et al., 2002).  

Oxy-Hb was principally used as a marker of activation, as previous findings have 

shown that oxy-Hb is more temporally sensitive to concentration changes in relation to 

motor stimuli, whereas deoxy-Hb is more sensitive to physiological noise (Toronov et al., 

2001; Miyai et al., 2001; Franceschini et al., 2003; Jasdzewski et al., 2003; Suzuki et al., 

2004). The mean concentration change of oxy-Hb during the 13s-stimulus period was 

calculated in channels 4, 5, 6 and 14, 15, 16 representative of the left right hemisphere 
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respectively. This was performed for each participant in response to each stimulus 

condition and averaged across repeated trials.  

 Pairwise comparisons were set prior to data collection based on assumptions of 

where the HRF was most likely to occur if hemodynamic changes were mediated by the 

presence of graspable and non-graspable objects. Three levels of comparisons were thus 

set thereby allowing for a few scientifically valid comparisons that assessed the effect of 

contrasting combinations of object graspability and optimality, and avoided arbitrary 

comparisons between unrelated objects. These comparisons were performed on channels 

believed to be representative of the localization of oxy-Hb changes in response to the 

stimuli set. All analyses were conducted using a repeated-measures ANOVA with an alpha 

value set at .05, Greenhouse-Geisser Correction for sphericity, and Tukey’s HSD post hoc 

analysis to further decompose main effects and interactions. Optimality was predefined for 

each object combination set based on the amount of movement of the wrist required to 

grasp the object. Optimality in this experiment was relative to the object orientations used. 

Specifically, object combinations that were defined as relatively less optimal required 

greater amounts of pronation or supination of the wrist to grasp. 

The first pairwise comparison was conducted in order to assess the effect of having 

only one object that afforded a grasp. Additionally, the relative optimality of the graspable 

object was assessed. Specifically, RL C and LR C both presented the graspable object on 

the left side of the body, however, RL C was more optimal for a left-hand grasp relative to 

LR C. Similarly, C RL and C LR were both graspable by the right hand, however, C LR is 

more optimal relative to C RL. These were compared to the non-graspable stimulus set (C 
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C). A 5x6 repeated measures ANOVA with the independent factors of object (RL C, C RL, 

LR C, C LR, C C) and channel (4, 5 ,6, 14, 15, 16) was performed.  

The second pairwise comparison was conducted to assess the effect of two sets of 

graspable stimuli where only one of the objects for each was optimal for grasping (LR LR 

and RL RL), compared to the non-graspable stimulus set (C C). In this comparison, 

although both sets of objects are graspable, LR LR was relatively more optimal for a right-

hand grasp and RL RL was relatively more optimal for a left-hand grasp. This comparison 

was performed to determine the strength of the optimality effect of only one object per 

stimulus set. A 3x6 repeated measures ANOVA with the independent factors of object (RL 

RL, LR LR, C C) and channel (4, 5, 6, 14, 15, 16) was performed. 

The third pairwise comparison was conducted to assess different sets of graspable 

objects that varied in terms of their relative optimality in affording a left and right hand 

grasp.  Two stimulus sets consisting of two graspable objects each (LR RL and RL LR) 

were compared to the non-graspable stimulus set (C C). Specifically, LR RL and RL LR 

can be grasped with the left and right hand, however, RL LR was more optimal to grasp 

with the left and right, hand respectively, relative to LR RL. A 3x6 repeated measures 

ANOVA with the independent factors of object (RL LR, LR RL, C C) and channel (4, 5, 

6, 14, 15, 16) was performed. 

4.0 RESULTS 

4.1 Positon Coordinates   

The x, y, and z coordinates obtained through NirSite and AtlasViewer were 

recorded and the location variation between the two for each optode was calculated. The 
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x coordinates were fairly similar across systems, while the y and z possessed higher levels 

of variation. Specifically, the mean standard deviation of the x, y, and z coordinates 

across all optodes were 4.2 mm, 15.8 mm, and 27.7 mm, respectively (see Table 2).  

  NIRSite AtlasViewer Standard Deviation 

Optode x y z x y z x y z 

nz 2.2 86.5 -49.7 0.4 85.9 -47.6 1.3 0.4 1.5 

iz -1.8 -110.7 -54.7 0.2 -120.5 -25.8 1.4 6.9 20.5 

rpa 79.7 -7.2 -90.7 83.9 -16.6 -56.7 3.0 6.6 24.1 

lpa -78.3 -7.2 -90.7 -83.8 -18.6 -57.2 3.9 8.1 23.7 

cz -2.8 -15.2 47.7 -0.5 -8.4 101.4 1.6 4.8 38.0 

S1 -33.8 -41.2 37.3 -39.8 -9.5 89.9 4.2 22.4 37.2 

S2 -54.8 -7.2 21.1 -63.1 23.9 52.7 5.9 22.0 22.3 

S3 -60.4 -69.2 14.3 -69.3 -48 65.7 6.3 15.0 36.4 

S4 -80.2 -26.2 -7.7 -84.1 -13.8 24.8 2.7 8.8 23.0 

S5 25.2 -41.2 38.7 38.7 -8.6 90.3 9.6 23.1 36.5 

S6 57.2 -6.2 21.6 62.3 25 53.1 3.6 22.1 22.3 

S7 53.0 -72.2 14.3 69 -46.9 66.4 11.3 17.9 36.9 

S8 82.0 -31.2 -7.7 83.7 -11.8 25.5 1.2 13.7 23.5 

D1 -32.8 -10.2 38.2 -36 27.6 77.8 2.2 26.7 28.0 

D2 -33.8 -72.2 29.8 -39.4 -48.3 92.8 3.9 16.9 44.5 

D3 -66.2 -39.2 16.3 -70.6 -11.5 63.1 3.1 19.6 33.1 

D4 -73.8 -4.2 -4.7 -77.4 19 18.9 2.5 16.4 16.7 

D5 31.0 -11.2 39.3 35.2 28.3 78 3.0 27.9 27.4 

D6 26.2 -70.2 31.3 38.8 -47.7 93.2 8.9 15.9 43.8 

D7 58.2 -39.2 23.9 69.7 -9.8 63.6 8.2 20.8 28.1 

D8 76.6 -2.2 -1.7 77 20.4 19.5 0.3 16.0 15.0 

Table 2: The x, y and z coordinates (mm) determined from NIRSite and AtlasViewer. The 

first column represents the optode label (S1-S8, D1-D8) as well as the 5 reference locations 

(nz, iz, rpa, lpa, cz) used to register the atlas to the shape of the head. The subsequent 6 

columns represent the x, y and z coordinates obtained through NIRSite and AtlasViewer 

respectively. The last 3 columns illustrate the standard deviation between each coordinate 

for each optode. 
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Channels 4, 5, 6, 14, 15 and 16 were of particular interest for the analysis of the 

fNIRS data. Using the MNI coordinates from AtlasViewer and inputting them into 

BioImage Suite, the specific cortical location representative of each of the 6 channels was 

determined. Specifically, channels 4/6 and 14/16 were positioned over left and right 

Brodmann Area 6 (BA6) respectively, while channels 5/15 were positioned over the left 

and right primary somatosensory cortex respectively.  

4.2 Behavioral Results Part 1 

In the sample of 22 participants, the chi-squared test revealed that there was a 

significant association between response hand and object compatibility (𝑋2= 99.52, df=1, 

p <0.00001). When examining all possible combinations of response hand and object 

compatibility using the adjusted Pearson’s residuals test, it was found that participants 

making a right response to a right compatible object and a left response to a left compatible 

object were observed to occur significantly more than expected (9.98). By contrast, 

participants making a left response to a right compatible object and a right response to a 

left compatible object were observed significantly less than expected (-9.98) (Figure 6).  

4.3 Behavioral Results Part 2 

In the sample of 22 participants the chi-squared test revealed that there is a 

significant association between response hand and object compatibility (𝑋2= 6.54, df=1, p 

=0.010572). When examining all possible combinations of response hand and object 

compatibility using the adjusted Pearson’s residuals test, it was found that participants 

making a right response to a right compatible object and a left response to a left compatible 

object were observed to occur significantly more than expected (2.58). By contrast 
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participants making a left response to a right compatible object and a right response to a 

left compatible object were observed significantly less than expected (-2.58) (figure 6).  

 

Figure 6: Total number of responses made by either the left or right hand to a left 

compatible or right compatible object for part 1 (left graph) and part 2 (right graph) of the 

experiment. *Significant difference at p < 0.05. 

 

 

Figure 7: Proportion of responses made by either the left or right hand to a left compatible 

or right compatible object for part 1 (left graph) and part 2 (right graph) of the experiment.  
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4.4 Global blood oxygenation 

Across all trials, oxy-Hb peaked within the 13s-stimulus period. Specifically, 

average time to peak amplitude for oxy-Hb for each condition averaged across channels 

(4, 5, 6, 14, 15, 16) were RL RL=4s, C LR=4s, C RL= 2s, RL C= 5s, LR C= 3s, LR LR= 

3s, C C= 2s, LR RL= 5s, and RL LR= 4s. 

4.5 fNIRS Results 

In the first comparison, no significant interaction was found (𝐹2,21= 1.63, p=0.19, 

𝜂𝑃
2 =  . 07). Mean concentration increase in the right and left hemisphere across all 

channels for RL C and C LR was 0.003 µM and 0.022 µM, respectively. The mean 

concentration change in response to LR C and C RL were -0.033 µM and -0.001 µM 

respectively. The mean concertation change in response to C C was -0.051 µM (Figure 8).  
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Figure 8: Mean concentration change in oxy-Hb across the 13s-stimulus period in response 

to the C RL, LR C, C LR, RL C and C C stimulus sets. All data were averaged across all 

participants and standard error values are reported.  

 

In the second comparison, no significant interaction was revealed (𝐹2,21= 1.75, 

p=.186, 𝜂𝑃
2 =  . 08). Mean concentration increase in the right and left hemisphere across all 

channels for RL RL was 0.018 µM. The mean concentration change in response to C C and 

LR LR were -0.051 µM and -0.003 µM, respectively (Figure 9).  
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Figure 9: Mean concentration change in oxy-Hb across the 13s-stimulus period in response 

to the RL RL, LR LR and C C stimulus sets. All data were averaged across all participants 

and standard error values are reported.  

 

In the third comparison, no significant interaction was revealed (𝐹2,21= 2.29, 

p=.114, 𝜂𝑃
2 =  . 1). Mean concentration increase in the right and left hemisphere across all 

channels for RL LR was 0.023 µM. The mean concentration change in response to C C and 

LR RL were -.051 µM and -0.004 µM, respectively (Figure 10).  
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Figure 10: Mean concentration change in oxy-Hb across the 13s-stimulus period in 

response to the visual presentation of the RL LR, LR RL and C C stimulus sets. All data 

were averaged across all participants and standard error values are reported.  

 

This comparison was further probed to determine if the LR RL condition “washed 

out” a potential effect between C C and RL LR. As such, a 2x6 repeated measures ANOVA 

was run with the independent factors of object (CC and RL LR) and channel (4, 5, 6, 14, 

15, 16). A significant main effect for object was revealed (𝐹1,21= 4.62, p=.043, 𝜂𝑃
2 =  . 54). 

Specifically, the increase in oxy-Hb in the right and left hemisphere was significantly 

greater in response to two relatively optimally graspable objects (M= 0.023 µM) compared 

to two non-graspable objects (M = -0.051 µM) (Figure 11).  
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Figure 11: Mean concentration change in oxy-Hb across the 13s-stimulus period in 

response to the RL LR, and C C stimulus sets. All data were averaged across all participants 

and standard error values are reported. *Significant difference at p < 0.05. 

 

5.0 DISCUSSION 

This study sought to examine the effects of object affordances on the perceptual 

motor system in situations of postural threat. This was performed through three levels of 

hypothesis testing. First, does the human motor system use visual information to prime 

actions in the event of a sudden loss of balance? Specifically, is motor action priming driven 

by the presentation of object visual features (PPA’s) that illustrate the potential for the 

object to be grasped? Second, is fNIRS imaging sensitive enough, as a technique, to detect 
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neural activation in premotor cortical regions that would suggest priming as a result of the 

visual presentation of these objects. Third, if priming occurs, to what degree does it reflect 

the optimality of the object to be utilized in a potential situation of balance threat? 

Secondary to our main hypotheses was the behavioral data from the study, which aimed to 

probe the temporal contribution of visional information perceived prior to or during 

perturbation onset with respect to the success and response choice of perturbation evoked 

reach to grasp actions.  

5.1 Sensing geometry  

Due to a paucity of existing literature employing fNIRS to study the contributions 

of premotor cortices in the planning of reach to grasp actions, evidence for this current 

experiment was primarily derived from cell recordings performed in primates. Through 

these findings, it was determined that the premotor cortex was of particular importance in 

the planning and execution of reach to grasp actions. As a result, a sensing geometry was 

used to measure hemodynamic changes associated with potential action priming in these 

regions. As such, the anterior 6 channels of the fNIRS prop were positioned over these 

premotor and sensorimotor regions. Specifically, channels 4/6 and 14/16 were positioned 

over left and right Brodmann area 6 (BA6) respectively, while channels 5 and 15 were 

positioned over the left and right primary somatosensory cortex (S1). The functional roles 

of these areas are imperative in generating preparatory process that drive and regulate 

reaching and grasping actions (Sakata et al. 1995; Baumann et al. 2009; Fattori et al. 2010; 

Fattori et al. 2012; Murata et al. 1997; Raos et al. 2006; Fluet et al. 2010; Bonini et al. 

2014a; Vargas-Irwin et al. 2015; Raos et al. 2004). 
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5.1.2 Brodmann Area 6  

BA6, positioned anterior to M1, serves to bridge the pre-frontal and primary motor 

cortices. Specifically, the caudal region of BA6 has connections to M1, as well as cortical 

spinal projections, while the rostral region contains connections with the pre-frontal cortex 

and is absent of a direct connection with the spinal cord. (Barbas & Pandya, 1987; Luppino 

et al., 1993). BA6 can be further subdivided based on architectonical and functional 

segregation (Fulton, 1935; Wise, 1985; Freund, 1990). Specifically, this segregation 

decomposes BA6 into the two major areas, the premotor and supplementary motor cortices 

(Geyer, et al., 2000).  

5.1.3 Premotor Cortex 

The lateral portion of BA6, part of the agranular cortex, anterior to the precentral 

sulcus, contains the premotor cortex (F5) (Stein, 2016). This area projects over the lip of 

the hemisphere onto the medial portion and contains reciprocal projections with the basal 

ganglia, cerebellum, posterior parietal, somesthetic and motor cortices. Additionally, this 

region possesses subcortical projections to the brain stem that act with respect to postural 

adjustments and locomotion. This region is suggested to control the postural preparation 

necessary for motor actions (Humphrey, 1979). Specifically, this area is responsible for 

sensorially guided movements in which the final target position of an arm is planned. This 

region also has the ability to update this spatial information prior to movement execution 

as determined through fMRI and rTMS (Benson et al., 1979; Weinric & Wise, 1982; 

Tanaka, et al., 2005). During intracorticol microstimulation (ICMS), patterns of set related 

activity suggest that this region acts to reduce the reaction time necessary to produce a 
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movement, by maintaining a level of activity in corticospinal and rubrospinal cells, in the 

spinal motor neurons and motor relay neurons, that is nearer to their firing threshold 

(Weinric & Wise, 1982). 

5.1.4 Supplementary Motor Area 

The supplementary motor area (SMA) is a medial portion of BA6 that lies rostral 

to M1 and the paracentral gyri. It is near the convexity of the hemisphere where it projects 

onto the medial wall (Mihailoff & Haines, 2018). This area receives inputs from the parietal 

lobe and projects to M1. As such, this region has been suggested to be involved in the 

planning of muscle activation required to produce a movement (Mihailoff, & Haines, 

2018). Through measuring cerebral blood flow with a gamma camera, the SMA has been 

shown to exhibit a supramotor role, as it is active in relation to complex organized motor 

tasks (Orgogozao & Larsen, 1979; Roland at al., 1980). Specifically, this region plans 

complex and simple voluntary movements (Larsson et al., 1996; Grafton et al., 1996; 

Santosh et al., 1995; Ikeda et al., 1996; Tanji 1984). It has also been suggested that the 

SMA is active during a preparatory period preceding the initiation of a motor task (Tanji, 

1996). Additionally, this region is involved in the temporal structure of a movement, such 

that motor tasks required to complete the movement are planned with respect to a 

predetermined ordered (Tanji & Shima, 1994). SMA can be decomposed into the pre-SMA 

(F6) and SMA proper regions (F3).  
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5.1.5 Pre-Supplementary Motor Area  

The anterior portion of SMA (pre-SMA) is located in the mesial part of BA6 and is 

evoked through visual information inputs and governs higher-order aspects of motor 

control. The posterior aspect of SMA is active during simple motor tasks. Specifically, pre-

SMA neurons are involved in the preparatory process that regulate upcoming movement. 

A significantly smaller portion of these neurons are active after movement onset (Mai & 

Paxinos, 2012).  

5.1.6 Supplementary Motor Area Proper 

SMA proper has been suggested to possess a supramotor role, as it controls 

forthcoming movement through the integration of information regarding current limb 

position and movement goal (Mai & Paxinos, 2012). As such, this region is fundamental in 

the planning of postures necessary for an upcoming movement (Massion, 1992). 

Specifically, it is crucial in its role in predictive postural adjustments (Massion, 1992). 

ICMS studies have reported that this region is involved in integrating preparatory 

information to create a complete body representation (Luppino et al., 1991).  

5.1.7 Primary Somatosensory Cortex 

Positioned on the post cenral gyris of the parietal lobe, the primary somatosensory 

cortex (S1) is the primary receptor of information relating to bodily sensation (Webb, 

2017). This information is projected to S1 from skin, muscle, tendons, joints as well as 

proprioceptive information. S1 consists of four subdivisions, two positioned on the surface 

of the postcentral gyrus (areas 1 and 2) and two positioned in the posterior bank of the 

central sulcus (3a and 3b). These regions are all connected to the somatosensory portion of 
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the thalamus. Specifically, area 3a and 2 are particular importance for the integration of 

proprioceptive information, as they receive inputs from joint sensors and muscle spindles 

that measure muscle length (Webb, 2017). 

5.2 Common Neural Network  

Due to the exploratory nature of this experiment, support for the neurophysiological 

contributions to affordance motor priming was primarily sought from human and primate 

studies that employed voluntary reach to grasp action paradigms. These cortical structures 

may function differently in situations of balance recovery. There is evidence however, to 

suggest that a common underlying neural mechanism governs the control of both voluntary 

and perturbation evoked reach-to-grasp actions (Bolton et al., 2011). Although perturbation 

evoked actions occur approximately 100 ms faster than rapid voluntary actions, similarities 

in kinematic measures and muscle activity are observed throughout both movements (Gage 

et al., 2007; Brauer et al. 2002; Maki et al. 2003). Gage et al., (2007) reported deltoid 

activity onset precedes grip aperture change, which is then followed by wrist movement in 

both voluntary and perturbation evoked movements. Additionally, peak wrist velocity and 

peak grip aperture consistently occur at 70% and 94% of the movement time respectively 

in both actions. Moreover, muscle activity in the triceps coupled with a second burst of 

muscle activity in the deltoid occurs in order to prepare the arm for anticipation of hand 

contact by stabilizing the upper limb to provide secure contact between the hand hold and 

the body. This occurs in both voluntary and perturbation evoked movements (Gage et al., 

2007). Additional evidence for this theory was reported by Bolton et al., (2011), who 

demonstrated that temporary suppression of the hand region of M1, by ways of a cTBS 
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induced virtual lesion, significantly attenuated response amplitudes during both voluntary 

and perturbation evoked reach to grasp actions.  

5.3 fNIRS Data 

Due to the novelty of the current research, the analysis was focused on an a priori 

assumption of where HRF’s were likely to be present. By running several a priori pairwise 

comparisons based upon theoretically sound predications of activation loci, we mitigated 

the risk of influencing the analysis through arbitrary comparisons between unrelated 

objects. We recognize the subsequent increase in our risk of committing a Type 1 error 

through this form of analysis; however, this study, to the best of our knowledge, was the 

first to combine accounts on the influence of objects on the human motor system as posited 

through ecological psychology and human and primate neurophysiological evidence, with 

the balance perturbation literature. Additionally, we employed a relatively new method of 

neural activation detection to measure the potential influence that these objects have on the 

premotor system. This study, again to the best of our knowledge, was the first to employ 

this technique to investigate the responses of neural populations present in the premotor 

cortex to the visual presentation of graspable and non-graspable objects under situations of 

postural threat. As such, this section discusses the effects that potentially may underlie the 

data obtained in this study. 

Although statistically significant results were not observed across the three levels 

of comparison, notable tendencies, suggestive of potential effects, did emerge. These 

tendencies were apparent through visual inspection of the data, but did not produce 

statistically significant results likely due to the large degree of between-subject variability 
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present. fNIRS is a relatively new modality for brain imaging that lacks the years of more 

robust techniques such as fMRI. As such, there are issues inherent with the system, the 

procedure of the experiment, as well as the data processing that can give rise to issues in 

the accuracy of the data. Given these limitations, however, the technique has been 

demonstrated to be robust enough to allow for a general interpretation of the collected data. 

5.3.1 Control Condition 

Primate studies have reported that when two reaching opportunities are available 

and no instruction as to which object to grasp is provided, the motor system represents both 

options concurrently through generating two directionally tuned signals (Cisek & Kalaska, 

2005). If one object is nearer to the primates preferred direction of grasp, directionally 

tuned cells in the dorsal premotor cortex (PMd) discharge (Cisek & Kalaska, 2005). These 

neuronal populations can be used to reliably predict the subjective response choice of the 

monkey. This supports a planning model of action wherein multiple grasping opportunities 

were represented in these premotor populations that were subsequently eliminated based 

on competition for which target will be reached toward. This occured as more information 

regarding the object choice was accumulated (Cisek & Kalaska, 2005). These directional 

signals were sustained until a cue was given with regard to what object to grasp. Following 

this cue, the directional signal representative of the target that would be grasped, increased, 

while the signal corresponding to the rejected object decreased. If that stimulus cue 

represented a different object then was originally preferred by the animal, activity in PMd 

was updated to reflect this new motor plan, within 100 ms post signal onset and prior to 

movement initiation (Pastor-Bernier, et al., 2012).  This updating activity in PMd also 
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occured when the monkey freely chose to change its mind regarding what object to grasp. 

For example, if an option for movement that was originally available became unavailable, 

these updates and corrections occured in the same cells that were responsible for encoding 

the original action possibility. As such, the activity in PMd was motor related and specific 

to the potential reach direction that was being planned by the system that can be modulated 

by cued instruction or subjective desirability (choice) (Dorris & Glimcher, 2004; Pastor-

Bernier & Cisek, 2011). 

The above findings could account for the relatively large decreases observed in oxy-

Hb in response to the Control condition of the current study. Although not statically 

significant, it is apparent through observation that relatively large decreases in oxy-Hb in 

responses to the Control condition occurred across all levels of comparison. If neither 

object represented an opportunity for grasping, preparatory strategies were not generated 

in these premotor regions. Specifically, through the visual transformation of the object 

properties into the potential for action, the system recognized that the object did not afford 

a grasping opportunity and as such, directionally tuned signals in PMd were not generated. 

Additionally, the large decreases in oxy-Hb was indicative of substrate being shuttled out 

of the premotor region to be distributed to other cortical centers. These findings were in 

line with an affordance-based account of stimulus-response compatibility. Specifically, 

these accounts hold that differential compatibility effects were created as a function of 

potential interaction with a given stimulus. These compatibility effects imply an inherent 

action-system wherein the physical attributes of an object (PPA’s) set up the possibility for 

potential action toward that object (Vingerhoets, et al., 2009). Action was then mediated 
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primarily based upon potential interaction with a given object, rather than by sensory 

stimulation caused by the presentation. Attention, however, was not completely excluded 

and rather may still permit the system to process stimuli relevant to the task and as a result, 

generate codes directed towards an affordance effect (Vainio et al., 2007; Riggio et al., 

2008). In the Control condition, PPA’s perceived by the sensorimotor system, would 

illustrate that the object was not suitable for a grasping action, based on its size, shape and 

structure. As such, the system did not attend to this information and subsequently did not 

generate any response priming for an action towards it. These findings are further supported 

through the behavioral results from part 1 of the experiment in this thesis, that demonstrates 

no action selection towards these objects in either the right or left hand. In part 2 of this 

experiment however, it was noted that participants still made attempts toward grasping in 

the Control condition. Specifically, two attempts were made with the left hand and 13 with 

the right hand across all participants. When responses made to a Control object were 

collapsed across all conditions, it was found that two and three responses were made with 

the left and right hand during part 1 and five and 36 responses from part 2. This accounted 

for 0.5 and 0.8% of all trials in part 1 and 3.5 and 25% of all trials in part 2 respectively.  

These responses during part 2 could have been necessitated by a lack of visual 

information prior to the fall. As such, the system executed actions that were less accurate 

and reported responses were a result of errors in the systems evaluation of the objects within 

that short latency. Secondly, it could represent a genuine attempt by the system to regain 

balance by grasping the object. In part 1 of the experiment, participants were instructed that 

the Control condition object represented no grasping opportunity however, in part 2, this 
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instruction was not provided. It was rather assumed that the instruction carried over from 

part 1. As such, participants may have assumed that the Control condition could be used as 

a “last-ditch” effort to mitigate their fall during this part of the experiment. This account 

would not be likely based on affordance driven motor action priming combined with the 

observed HRF’s reported in part 1 of the experiment. It is likely that these responses were 

therefore a result of error in the system’s ability to generate action when visual information 

was only given at the onset of instability.  

5.3.2 C C - RL LR 

No significant results were revealed from the third pairwise comparison. Based on 

a visual inspection of the data, a subsequent analysis between the Control condition and RL 

Orthogonal LR Orthogonal condition was performed. Although this comparison was not 

defined in the original a priori set levels of analysis, the level of variability that was present 

in the data warranted a further estimate of cortical effects at a lower level then what was 

originally performed during the RL Orthogonal LR Orthogonal condition, LR Orthogonal 

RL Orthogonal condition, and Control condition analysis. 

A statically significant main effect for object was revealed wherein oxy-Hb was 

greater in response to the RL Orthogonal LR Orthogonal condition compared to the Control 

condition. This finding suggests that motor action priming of the system occurred when it 

was presented with two objects that were optimal for a left and right hand grasp. This result 

is in line with an affordance-based account of stimulus-response compatibility in that 

affordances differ in their ability to attract attention and thereby influence action. 

Environmental affordances have been shown to manifest themselves in the speed with 



M.Sc. Thesis - S. Foglia; McMaster University - Kinesiology. 

 

 62 

which a response is executed. Tucker and Ellis (1998) suggested that information about 

"action-relevant" object properties (such as grip type, object orientation, etc.) are 

represented automatically, or afforded, during the perception of an object and that these 

properties facilitate object identification (as evidenced by shorter reaction time latencies). 

As such, visual information including PPA’s perceived from the RL Orthogonal LR 

Orthogonal condition illustrated that both objects afforded an optimal grasping opportunity 

for the left and right hand, respectively. The cortical processes underlying this motor 

priming are outlined below. 

In response to a perturbation, cortical activity reflects the planning of motor activity 

that would act to counteract the destabilization from the perturbation (Massion, 1992). 

Additionally, when an impending perturbation is known, the CNS is set in a state of 

preparation (central set) that will be required to execute a perturbation evoked 

compensatory action (Jacobs & Horak, 2007). Central set is a modification to a neuromotor 

state that occurs due to changes in environmental context (Prochazka, 1989). Within the 

heightened level of preparation, the system generates action plans towards objects that 

could be used to mitigate a potential perturbation. 

 Primate studies have reported that F6 neuronal populations contribute to the 

encoding of target objects and the grip types that would be used to interact with them. As 

such, F6 is considered an additional node with F5 for the control of object grasping. F6 

exhibits short bursts of phasic activity that peak relatively early whereas F5 exhibits more 

sustained activity that is tuned based on hand object interaction. These differences in 

activity illustrate the functional difference of these two population sets. Whereas 
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visuomotor neurons of F5 allow for visual integration of object features, purely motor 

neurons of F6 are involved in the encoding of grip types that can be used for action 

(Lanzilotto, et al., 2016). Additionally, F5 shows preferential activity related to grip types 

that are natural behavior where as F6 is responsible for the processing of practiced acquired 

types of action (Macfarlane & Graziano, 2009). Potentially, the grip types used for a left 

response to an RL Orthogonal object and a right response to an LR Orthogonal object 

generated the greatest level of neural activity in the detected regions, based on a preference 

for the motor system to generate responses to the most efficient object choice. 

As stated earlier, the visual presentation of two graspable object choices elicited the 

generation of directional tuned signals that represent both objects. Over time, neural 

activity representative of the non-preferred grasping object was attenuated, while activity 

for the preferred option increased until the movement was initiated. It is suggested here that 

both objects in the RL Orthogonal LR Orthogonal conditions were preferred for the left 

and right hand, respectively. The potential increase in oxy-Hb could therefore, be indicative 

of directional signals encoding both objects representations by neuronal populations in F5 

and F6 that are priming the system in response for action. This account could also explain 

the lack of findings in the LR Orthogonal RL Orthogonal condition. Although both objects 

were graspable, preferential signals would not have been generated towards either object, 

due to the incompatible nature for both the left and right hand, respectively.  

A graspable object affords multiple forms of grip opportunity. Typically, the most 

optimal form of grasp is selected based on the contextual situation or the goal that is being 

enacted. During perturbation-evoked actions, the systems goal was to mitigate the fall and 
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avoid potential damage to the body. This required the generation of rapid targeted action. 

As such, if the situation permits, using an optimal form to grasp an object (based on the 

orientation of the object) is paramount in increasing the likelihood of successfully grasping 

the object, thus maintaining balance. Of all the stimulus combinations presented to 

participants, the RL Orthogonal LR Orthogonal condition was the most optimal and, by 

extension, the most likely for the system to execute successful reach-to-grasp actions 

towards. This explains the relatively large increase in oxy-Hb.  

Although oxy-Hb was found to increase in the Control LR Orthogonal, RL 

Orthogonal Control, and RL Orthogonal RL Orthogonal conditions, this was not great 

enough to elicit a result that satisfied the threshold of statistical significance when 

compared to the control. Under the current theory, this could be explained by the directional 

codes generated for each object. All three stimulus sets were similar in that they only 

presented one object that was optimal for grasping, be it with the left or right hand. As such, 

directionally-tuned signals would only be generated for that one object and would 

subsequently produce lower levels of neural activation relative to the RL Orthogonal LR 

Orthogonal condition. Additionally, a relative decrease in oxy-Hb was observed in response 

to the LR Orthogonal Control, Control RL Orthogonal, and LR Orthogonal LR Orthogonal 

conditions. In the LR Orthogonal Control and Control RL Orthogonal stimulus sets, only 

one graspable object was presented, however, that object was not optimal for grasping and 

thus directional signals were not generated. This does not, however, explain the lack of 

findings observed for the LR Orthogonal LR Orthogonal condition, as one object in the set 

was optimal for grasping. The most likely account for the negative result in oxy-Hb for this 
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condition, was due to error in the detected signal determined through visual inspection and 

numerical calculation of oxy-Hb from the computed HRF’s.  

5.4 Behavioral Responses (Part 1 & Part 2) 

Two cortical behaviors, separated by their temporal relationship to a balance 

perturbation, govern compensatory balance reactions (Ghafouri et al., 2004; Cheng et al., 

2012). These include the visual spatial map that was generated prior to the perturbation, as 

well as online multisensory information received once the perturbation has been initiated. 

Due to their temporal differences, separate information is perceived with regard to both 

processes. The visual spatial map was thus created based on information perceived through 

exploratory gaze behavior (King et al., 2009; 2010; 2011) whereas online control was 

specific to information regarding the resulting perturbation (e.g., magnitude, direction and 

velocity). This relation was probed through the behavioral analysis of the current 

experiment. Specifically, was visual information received at perturbation onset sufficient 

to drive successful balance corrective actions? In part 1, visual information was available 

for a 15 ±5s period prior to perturbation. Conversely, in part 2, visual information was only 

given at the moment of perturbation onset.  

The behavioral results of this experiment suggest that, during perturbation evoked 

actions, the system was successful in its ability to mitigate a postural perturbation even 

when vision was only available at the moment of perturbation onset. This suggests that, 

without prior visual inputs, the system was generating movements of the upper limb based 

on the context of the perturbation and visual information available after perturbation onset.  

When a spatial map was generated prior to a perturbation, differential grasp apertures have 
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been observed to occur based on the direction of chair tilt within 100 ms of wrist movement 

onset (Gage, et al., 2007). It is suggested that information regarding the kinematics of body 

motion from vestibular and somatosensory inputs is integrated in cortical regions including 

the temporal-parietal cortex, supplementary motor area, and prefrontal cortex (De Waele et 

al., 2001; Ghafouri et al., 2004). This information is considered in conjunction with a visual 

spatial map related to actions that can be made to counteract the perturbation (De Waele et 

al., 2001). The results from this experiment suggest that, even at these relatively quick 

latencies and in the absence of a preformed visual spatial map, the system was still able to 

drive targeted compensatory actions based exclusively on information received once the 

perturbation had been initiated. The success of these actions may be attributed to an 

increase in preparatory cortical activity that supplements the lack of a visual spatial map.  

 When an impending perturbation was known, the characteristics of the 

compensatory responses were modified in order to reflect the task condition. These 

modifications manifest in changes to postural set, which is a state of readiness of the CNS 

prior to instability and corresponds to the expected task condition (Horak et al., 1989). 

When the magnitude of the perturbation was unknown, however, the CNS seems to adopt 

a default set of readiness for a worst-case scenario. The CNS thus engages resources to 

prepare for the highest level of threat (Mochizuki et al., 2010). This state of preparedness 

is evidenced by increases in electrodermal response (EDR) amplitudes, which have been 

reported with increased complexity of a movement required to regain balance (Sibley et al., 

2010). As EDR’s reflect changes in autonomic sympathetic arousal that are integrated with 

emotional and cognitive state, these findings reflect the nature of arousal of the system in 



M.Sc. Thesis - S. Foglia; McMaster University - Kinesiology. 

 

 67 

response to perturbations (Hugo, 2002). As such, heightened levels of arousal occured prior 

to perturbation onset when the system recognizes an increase in complexity of the grasping 

action. This is analogous to a readiness plan or central set of the system where resources 

are allocated for potential instability (Prochazka, 1989). Due to the lack of visual 

information prior to the perturbation in the current experiment, it is suggested that the 

system increased levels of arousal, as well as cortical activity, in order to compensate for 

the lack of visual spatial map.  

Although the post hoc analysis revealed a significant difference between right hand 

responses to right hand compatible options compared to left hand responses to left hand 

compatible options, it should still be noted that a greater proportion of hand responses were 

made to incompatible objects in part 2. Specifically, there was a 10% increase in right 

responses toward left compatible objects and a 5% increases in left responses toward right 

compatible objects relative to the experiment comprising part 1 of this study. These 

findings demonstrate that, although still successful in mitigating the perturbation, these 

responses are not as optimal as when visual information was available prior to the fall. This 

is consistent with Cheng et al. (2012), who reported the individual contribution of each 

temporal event to perturbation evoked reaching and grasping actions. They found that both 

the stored spatial map and online control provided the system with an adequate amount of 

information such that successful perturbation evoked reaches could occur despite having 

only one form of information available. This was observed even for reaches to small 

handholds that varied unpredictability in location prior to perturbation onset. The reach 

initiation and arm movements, however, were slowed when depending on only one source 



M.Sc. Thesis - S. Foglia; McMaster University - Kinesiology. 

 

 68 

of information. Nevertheless, when both sources of information were available, the system 

was able to optimally perform the reach to grasp action in the absence of any movement 

delay.  

5.5 Sources of Variability Present in the fNIRS Data 

The formation of the fNIRS data is dependent upon, a position, time, and 

wavelength of the source optode, a medium for which photons can propagate through and 

experience spectral remittance, as well as detection when exiting the scalp. Variability and 

noise can, however, be introduced in the fNIRS signal at these levels. In addition, signal 

contamination can arise from the design of the experimental protocol, motion artifacts, 

physiological noise such as respiration, cardiac pulsation, blood pressure, as well as 

biological tissue confounds (Boas, et al., 2004). Although the fNIRS signal reflects the 

hemodynamic changes in the grey matter, there are confounds in the layer of the head such 

as the skin and skull, as well as in scalp (blood supply) that can affect the signal data 

(Gagnon et al., 2012). The results of this experiment illustrate the amount of variability that 

can be present in the fNIRS signal. This variability can contaminate data and conceal 

potentially significant results. As such, it is important to understand the origin of these 

levels of variation, their impact on the fNIRS data and how they can be mitigated in future 

experiments. 

5.5.1 Motion Artifact Correction  

fNIRS is less susceptible to MA’s compared to other neuroimaging modalities 

(Lloyd-Fox et al., 2010). There may, however, still be certain head movements that could 

causes shifts between the source detector pairs and the scalp. These artifacts could manifest 
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as a shift in the fNIRS baseline signal, suggesting that the correlation between oxy-Hb and 

deoxy-Hb is more positive than it is (Cooper et al., 2012; Robertson et al., 2010).  

MA shifts usually result in a very rapid and large change in magnitude (several 

orders of magnitude larger) when compared to the tissue-related hemodynamic changes 

(Tak & Chul Ye, 2014). As a result, qualitative visual inspection is usually performed to 

identify these large errors (Huppert et al., 2009). Additionally, mathematically based 

filtering methods are also employed. Although studies have reviewed differences in MA 

correction techniques, no current standard filtering method currently exists in the literature. 

As such, variability in the fNIRS signal can arise depending upon the MA correction tool 

chosen for the experiment. This section will review common methods that are currently 

employed and how the data is modified with each.  

5.5.1.1 Studentized Filter 

Studentized filter is a method of outlier detection that is based on the number of 

standardized deviations between the mean signal and the residual error of a single 

measurement. The studentized residual is defined by the equation (y − ŷ)/σ, where y is the 

measurement, ŷ is the model, and σ is the unbiased estimate of root-mean-squared error of 

the measurements. This method uses objective criteria to identify and reject data based on 

a level of standard deviation that defines a rejecting point (i.e., 3 standard deviations). Once 

these data points are identified, the stimulus block is removed for that temporal region of 

data.  
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5.5.1.2 Spline Interpolation 

Spline interpolation identifies MA’s for each channel using the 

hmrMotionArtifactByChannel function in Homer2 (see section 3.8.1). Once a channel has 

been determined to possess a MA, the period of data is modeled using a cubic spline 

function (Scholkmann et al., 2010). The interpolated segment is subtracted from the 

original and shifted by a value equal to the mean of the segment and the mean of the 

preceding segment (Yücel et al., 2014). This causes overfitting when trying to replace the 

MA segment and can ultimately lead to a loss in information (Scholkmann et al., 2010). 

5.5.1.3 Wavelet Filtering 

This method decomposes the time course containing the data and the MA into a 

wavelet domain with a discrete wavelet transformation (Molavi et al., 2012). This method 

operates under the assumption that the wavelet coefficient has a Gaussian probability 

distribution in which the physiological components of the data are centered around zero 

and MA’s appear as outliers. Parameters set within the wavelet function are used to create 

a threshold for what determines a MA and once the MA is identified and removed, the 

function is reconstructed. This method, however, does not correct signal offset and the 

outlier parameter can often vary between studies. Additionally, this threshold varies 

depending on if the population is adults or infants (i.e., typically a lower threshold is used 

for infants). Additionally, this method is poor at removing low-frequency artifacts. MA’s 

that cause a shift in optical density are not corrected and thus, have the potential to 

negatively impact HRF analysis (Yücel et al., 2014) however, this approach does allow for 
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a good localization of the abrupt and rapid signal changes caused by the MA’s (Molavi & 

Dumont, 2012; Sato et al., 2006). 

5.5.1.4 Principal Component Analysis (PCA) 

A PCA creates a matrix of measurements in which the data are arranged as a number 

of time point by a number of channels. This matrix is then transformed into a set of 

orthogonal vectors in decreasing order based on the amount of variance present in each. 

The main assumption that underlies this process is that a MA, if to occur, would be equally 

present in all channels. This MA would also possess a similar temporal variation among 

these channels and, as such, the variation can be inferred to be a result of the MA. As such, 

the PCA is set to remove a certain number of components based on the percent variance 

observed across all channels. Typically, this involves one component being removed or 

80% of the variance. The signal is then reconstructed with the remaining components. This 

analysis, however, is not specific to a temporal region and rather is applied to transform the 

entire time series of all the data for all channels. This presents problems as functional 

signals not impacted by MA’s may be removed, which has been shown to occur specifically 

in activation signals in adult participants (Zhang, et al., 2005).  

5.5.1.5 Targeted Principal Component Analysis (tPCA) 

In contrast, a tPCA uses the same procedure as described above, but only transforms 

a period of data that is defined to possess a MA. This sequence is defined in the processing 

stream of Homer2 using the hmrMotionArtifact-ByChannel function. Once the segment of 

time possessing the MA is identified, the components are ranked in decreasing order of 

variance. A N𝑡𝑃𝐶𝐴 number of components are then projected out of the data to account for 
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97% of the variance. The epochs of corrected motion are then brought back together. This 

technique has been shown to overcome the issue of over correcting data that contains the 

functional signal (Zhang et al., 2005). Additionally, tPCA is more robust in recovering 

hemodynamic response functions from MA impacted data when compared to both wavelet 

based filtering and spline interpolation. Specifically, tPCA produces a significant reduction 

in mean-squared error and enhancement in Pearson’s correlation coefficient to the actual 

HRF (Yücel et al., 2014). For this reason, the tPCA was used in this experiment. 

5.5.2 Skin Blood Flow Removal 

Interference in the fNIRS signal can arise from the superficial layers of the scalp 

(Gagnon, et al., 2011). This includes blood in the skin of the head, as well as interference 

that can occur with other biological tissue in the area. A PCA, in combination with a short 

separation channel, can be used to decompose the signal based off of assumptions of 

orthogonality and statistical reduction of noise (Tak & Chul Ye, 2014). Through PCA, it is 

assumed that the baseline signal will contain this interference and that it remains constant 

over time. This baseline signal is recorded from a short separation channel, that has a 

detector optode spacing less the 30 mm. This causes the specificity of the detection of 

photons to be representative of those that passed through the scalp and not into the skull. 

As a result, hemodynamic concertation can be inferred to be a product of blood in the scalp 

tissue. Therefore, by projecting fNIRS data onto this baseline signal, a reduction of skin 

blood flow noise can be achieved. It has been shown that using this method can produce 

more localized fNIRS responses with an increase in the contrast-to-noise ratio when 

compared to other filtering methods (Zhang et al., 2005). The fNIRS system used in this 
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experiment did not have a short separation channel. Correction to the best of our ability 

was performed by baseline correcting stimulus data to a time period prior to each trial. As 

cortical hemodynamic changes are expected to be relatively low during baseline, any 

increases could theoretically arise from the scalp and skull. This method does not consider 

hemodynamic increases in the scalp during the stimulus protocol. As such, variability and 

noise could have been introduced into the signal due to these tissues confounds.   

5.5.3 Systematic Noise 

Systematic noise can arise from respiration, cardiac pulsation, blood pressure and 

Mayer waves. In order to remove these factors of noise from the fNIRS signal, bandpass 

filtering can be employed. Specifically, a low-pass filter can be used to remove high 

frequency noise produced by cardiac pulsations, typically at 1 Hz (60 × beats/min). A high 

pass filter can be used to remove slow, low frequency noise produced by blood pressure 

oscillations, typically found between 0.08-0.12 Hz (Huppert et al., 2009). The bandpass 

filter used in this experiment was set with a high pass filter at .02 Hz and a low pass filter 

at .5 Hz. Variation can be introduced into the fNIRS signal based on the specific bandpass 

filter frequencies chosen (Kaiser et al., 2014; Yücel et al., 2014; Hofmann et al., 2008). 

Careful consideration must be taken when choosing the appropriate low and high pass filter 

cut offs as to not remove frequencies associated with the hemodynamic response.   

Although bandpass filters can be used to remove low and high frequency noise, 

there may be frequencies of noise associated with the functional hemodynamic signal. 

These are usually respiratory components of the blood pressure signal that overlap with the 

hemodynamic data. As a result, a filtering method in which each source is defined in space 
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and time is required (Boas et al., 2004). Baseline correction can be used, in which the 

spatiotemporal covariance of the baseline data is used to filter systemic variations present 

in the brain activation signal. This illustrates the importance of collecting a baseline signal 

prior to each experimental trial, as these systematic noises can change throughout the 

experimental procedure, specifically if physical exertion is required. As such, each trial 

data is corrected based on the baseline measure recorded prior to that trial.  

5.5.4 Individual Anatomical Variation  

Partial optical path length is used in fNIRS as an indicator of the sensitivity of the 

signal to absorption changes in the brain. This is accomplished by approximation of the 

derivative of the changes in optical density as light passes through the tissue versus the 

absorption coefficient of the brain tissue (Nakamura et al., 2016). This cannot be 

accomplished through experimentation and rather is calculated based on head models and 

numerical analysis of light propagation (Okada et al., 1996).  

The sensitivity of the fNIRS signal that traverses the volume of grey matter is 

dependent on several anatomical factors. These factors introduce between participant 

variability that may manifest as part of the data. Typical penetration depth of NIR-light is 

2 to 3 cm with a source detector distance set at 3 cm. From the source optode on the head, 

the light travels through the scalp (0.5-1 cm), skull (0.5-1 cm) and cerebral spinal fluid 

(CSP) (0-2 mm) layers. These layers encompass the distance the light travels from the scalp 

to the cortex (SCD) and impacts the penetration and scattering of the light (Huppert et al., 

2009; Custo et al., 2006). These layers have been shown to vary depending on age, gender 

or other inter-participant factors (Huppert et al., 2009; Custo et al., 2006). Specifically, 
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penetration depth of NIR-light has been shown to be inversely proportional to SCD 

(Haeussinger, et al., 2011). This impacts the amount of light that reaches the grey matter 

and is absorbed (Heinzel et al., 2013, Cui et al., 2011). As such, the sensitivity of grey 

matter detection (GMD) decreases with increases in SCD. Therefore, GMD maybe small 

in some participants that possess a lager SCD.  Additionally, the thickness of these layers 

varies across the head, thereby impacting channels differently depending on which region 

of the head they are positioned (Kawaguchi et al., 2007, Haeussinger et al., 2011).  

The individual tissue characteristics that compose the SCD have differing impacts 

on the penetration depth of the NIR-light. Specifically, the majority of GMD reduction with 

increases in SCD, is attributed to the skull and scalp, however, the CSF layer attenuates the 

reduction of GMD, due to the low scattering properties of the fluid (Haeussinger et al., 

2011). These differences in thickness affect the partial optical path length of the light 

photons (Nakamura et al., 2016). In addition, the brain has been shown to expand or 

otherwise move within the skull to a limited degree causing changes in the thickness of the 

CSF layer (Firbank et al., 1998). As the SCD becomes larger, so too does the thickness of 

the CSF layer. The thickness of the skull layer however, predominately causes the reduction 

in GMD (Okada & Delpy, 2003). Nevertheless, an over proportional CSF layer thickness 

may attenuate the reduction in GMD, in a participant with a large skull layer. Therefore, it 

is not the mere SCD that impacts GMD, but rather the specific partial path lengths 

experienced by specific tissue types that need to be considered when estimating the 

sensitivity of GMD. Additionally, grayification of the cortex has the potential to affect 

GMD sensitivity in extreme cases of sulcal geometry.  
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These tissue factors have been calculated using Monte Carlo simulations in which 

photon migration in a highly scattering biological tissue can be modeled with different head 

and tissue parameters (Van der Zee & Delpy, 1987; Fukui et al., 2003; Okada & Delpy, 

2003; Boas et al., 2002). This variability can therefore, be accounted for by incorporating 

anatomical volumetric data from magnetic resonance imaging (MRI) for each participant. 

By doing so, the spatial characteristics of the skull and scalp that the light will travel 

through can be accounted for, thus improving the user’s knowledge of the GMD for each 

participant. Specifically, an individual segmentation of the skin, skull, CSF, white and grey 

matter layers could to be conducted. This would allow for the digitization of these layers 

onto a participant’s head, in which the sour detector optodes could be co-registered and the 

partial optical path length calculated (Tremblay et al., 2018).   

5.5.5 Variation from Prop Shift During Fall 

The factor that could most significantly reduce the quality of the fNIRS spatial 

resolution, and introduce variation into the signal, is the sensing geometry of the source 

detector pairs (Herrera-Vega et al., 2017). As a result, it is imperative that the optodes are 

placed correctly over the scalp. Additionally, the optodes must be as secured as possible to 

eliminate potential motion artifacts (Huppert et al., 2009). The best way to achieve stability 

is through pressure between the optode and the scalp, however, the more pressure that is 

applied, the more uncomfortable it is for the participant. No specific pressure values have 

been identified in the literature, as it varies by region of the scalp and between participants, 

in part due to individual differences in head shape. This does illustrate, however, that tight 

cranial head wear in all scalp areas is required for proper testing (Kassab & Sawan, 2014). 
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Specifically, general head measurements in accordance with the 10-20-system are taken 

using 4 skull landmarks (nasion, inion, left pre-ocular point, and right pre-ocular point). 

These measurements are used to ensure that the cap size properly fits the participants head. 

Caps that are too large or small can cause differentiation in the spatial resolution of the 

signal.  

In the current study, participants’ heads were measured to ensure that the proper 

cap size was used. In addition, once the cap was placed over the participant’s head, hair 

was carefully removed from each source detector position, to ensure a clear connection 

between the optode and the participants scalp. Once the hair was carefully removed using 

a Q-tip, the optodes were fixed into position using spring tension caps that added pressure 

to the optodes to maintain placement of the optodes over the scalp. An additional cap was 

placed over the optodes and tightened with zippers to further increases the pressure on the 

probes and prevent movement. All wires from the optodes were carefully fixed to the rear 

of the chair to prevent tension on the optodes under the cap (see section 3.7.2.) Despite 

these precautions, it is still possible that the optodes shifted during the posterior 

perturbation. The perturbation was a large whole body instability that triggered a rapid 

compensatory action. The force and magnitude of these movements may have caused the 

cap to lift off the head and move slightly under the cap. This could have introduced inter-

individual variability between the expected cortical detection area and the location of the 

true measurement. In addition, due to the anatomical differences discussed above, shifts in 

the cap could position the optodes in areas where the layers of the SCD differed from the 

original position (Kawaguchi et al., 2007, Haeussinger et al., 2011).  
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5.5.6 Instrumental Noise  

Instrumental noise can be introduced into the fNIRS signal from the computer, 

hardware, or from noise in the surrounding space (Huppert et al., 2009). This noise typically 

poses a uniform frequency spectrum. fNIRS sampling frequency occurs at a higher rate 

than the hemodynamic changes being measured. The majority of signal power at the higher 

sampled frequencies is therefore, dominated by instrumental noise. As such, the majority 

of the high frequency instrument noise can be removed from the physiological data by 

means of a low-pass filter. Additionally, certain tests and calibration can be performed with 

the system to better attenuate the instrumental noise, thus reducing variability the may be 

present in the data.  

fNIRS systems can be adjusted in terms of their detector gain and intensity of 

emitted light, to better control for the influence of external noise (Huppert et al., 2009). For 

the system used in the current study, this occurs during the calibration period prior to data 

acquisition. Additionally, optodes must be shielded from ambient light by covering them 

with opaque materials to mitigate the impact of stray light on the detection of NIR-light. In 

the current experiment, a heavy black cap was placed over the optodes. In order to mitigate 

instrumental noise, a dark noise test is performed prior to data acquisition. This test 

evaluated the optical sensitivity of each detector to ensure proper functioning of the 

hardware. If a dark noise test is not performed, there may be damage to the hardware that 

can negatively affect the detectors sensitivity and introduce a large amount of instrument 

noise into the signal.  
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5.5.7 Variation in Cortical Region Measurement  

The registration of functional data to common brain space allowed for the projection 

of hemodynamic changes onto cortical surfaces measured by the sensing geometry of a 

study. Currently, the MNI coordinate system is the gold standard and most common 

stereotaxic platform for achieving this (Brett et al., 2002). The MNI template was created 

through the registration of multiple subject averages from MRI’s to the Talairach brain 

(Collin et al., 1994). A major problem exists, however, in the ability for research to validate 

MNI mapping data across participants when no structural images (MRI) for each 

participant is available. MRI data acquisition is expensive and sometimes outside the means 

of a research lab for a particular study. In order to reduce between-subject and within-

subject variability in these types of experiments, the location of each optode should be 

mapped onto the head surface of a participant using the 10-20 system. The variability in 

cortical mapping is influenced by the distance between the optode and the reference point 

that is used for placing the optode on the head (Okamoto & Dan, 2005; Singh et al. 2005). 

Previous studies have found a close correlation between MNI coordinates determined from 

MRI and 10-20 system reference locations with a standard deviation of 4.7 to 7.0 mm for 

optodes positioned over the prefrontal region (Singh et al., 2005). Not all fNIRS prop 

designs, however, allow for specific placement of each optode over each predetermined 10-

20 reference location. This is commonly due the fNIRS cap. Although the cap can stretch 

over the participant’s head, it is impossible to individually adjust each optode position 

without interfering with a neighboring optode. Typically, as was the case in the current 
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study, one or two optodes were positioned over a 10-20 reference point and the other 

optodes were assumed to be positioned over the other reference points for that specific 

sensing geometry.  For example, in the current study, C3 and C4 were used as reference 

points for detectors 3 and 7 respectively. The reliability of this technique, however, was 

tested in this experiment. 

 Specifically, NIRSite was used to determine the positions of the optodes over each 

10-20 reference point. These were cross checked by digitizing the x, y, and z coordinates 

of each optode on an actual human head using neuronavigation. The standard deviation of 

each optode position for each system was calculated. Specifically, coordinates x and z 

illustrated large levels of variation between the two systems. This illustrates the difference 

between what is expected through the 10-20 reference system and what is actually achieved 

from a participant’s head. If the MNI coordinates had been based off of the 10-20 reference 

points, there would be a large discrepancy between the cortical surfaces identified and what 

was actually being measured.  

As such, we accounted for this variation to the best of our ability, by registering the 

digitized coordinates to a Collin atlas. This atlas was then used to determine the 

corresponding detecting channels in MNI space. Using this single atlas as a reference, the 

cortical structures being measured by the sensing geometry of this study was inferred to 

remain constant across all participants, in order to allow for multi-subject analysis. 

Nevertheless, this technique can introduce inter-individual variability as it is assumed the 

cap stretch is proportional across all participants and that the optodes are in a similar 

position over the head. 
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5.6 Conclusion 

Perturbation-evoked reach to grasp actions are driven by a complex neural network 

among specific frontal and parietal circuits that allow for the most efficient arm and hand 

movement to successfully grasp an object (e.g., Jeannerod et al., 1995). These actions 

involve cortical networks consisting mainly of the parietal, premotor and primary motor 

cortices (e.g., Rizzolatti & Luppino, 2001). The current experiment, to the best of our 

knowledge, was the first of its kind in examining hemodynamic changes in the pre-motor 

cortices in response to the visual presentation of objects, in situations of balance threat. 

This was assessed through the fNIRS brain imaging. We recognize, however, that 

participants may have not perceived the posterior perturbation as an actual threat, due to 

the features that were implemented to ensure participant safety. It may be that these 

evolutionary derived behaviors of rapid compensatory action are only elicited when a true 

threat of damage to the system is detected. In order to account for this, the apparatus in the 

current experiment was built to replicate the one used by Gage et al., (2007) by delivering 

a similar form of perturbation (i.e., seated in a chair) at a similar acceleration (i.e., between 

1-2 m/s2). Under these parameters, Gage et al., showed that muscle activity onset and 

movement kinematics were representative of a rapid compensatory action to a threatening 

balance perturbation. Although muscle activity onset was not measured in the current 

experiment, we suggest that the actions aimed at reestablishing balance were initiated in a 

similar temporal window and followed similar movement kinematics.  

Although the conclusions that can be drawn from the current experiment are 
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somewhat limited, these findings do serve as a first step in understanding the cortical impact 

object affordances have on the perceptual motor system and how they might affect motor 

priming for perturbation-evoked recovery actions. Specifically, the behavioral results of 

this experiment suggest that the system is complex enough in its organization and execution 

of perturbation evoked actions, that the lack of a visual spatial map does not prevent the 

system from successfully mitigating balance perturbations. Online multisensory feedback, 

integrated with visual inputs received at the moment of perturbation onset, are sufficient in 

driving successful perturbation evoked actions. In addition, the cortical measures suggest 

that object affordances have the potential to prime motor actions in the premotor and 

sensorimotor cortices, when both objects are optimal for grasping. These findings also 

suggest the potential for fNIRS to be sensitive enough in detecting premotor priming, at 

least at this level of activation.  

Additionally, this study sought to outline the potential problems that face fNIRS 

data collection and processing, and their subsequent impact on the interpretation of results. 

Through a better awareness of the sources of variation and noise that contaminate the 

signal, as well as methods that can deal with these effects, a more optimal way of employing 

these methodologies for studying premotor priming was suggested. In conclusion, this 

study offers the first insight into the exploration of the cortical effect of object affordances 

beyond their use in volitional reach to grasp actions. It is through a better understanding of 

the innate mechanism that drive and regulate postural balance, that will increase our 

understanding of how the sensorimotor system and our actions, are influenced by physical 

features of objects in our environment.   
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