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Chapter 1  

1 General Introduction 

1.1 Complex tool use: A defining characteristic of humans 

Humans, unlike any other species, use tools to achieve complex goals (Frey, 2007). New 

Caledonian Crows, known to be the best among of avian tool-makers, use twigs to 

retrieve food in crevices (Kenward et al., 2006), while veined octopuses have been 

known to use coconut shells as shelters (Finn, Tregenza, & Norman, 2009). Humans, 

however, go above and beyond these simple behaviours. Our hominid ancestors joined 

stone and wood together to form tools with the aim of accomplishing specific goals such 

as crafting spears. Tellingly, humans formed and used tools that did more than simply 

extend the function and range of their arms and hand; they formed tools such as knives 

and chisels to cut and carve, thus enabling functions that could not be accomplished with 

their bodies alone. In doing so, humans have set themselves apart from species like the 

crow and octopus who can only use tools to improve actions that they can already 

perform.  

The breadth in the tools that humans can use is part of what sets our species apart from 

others. Thus, being able to define distinct classes of tools is critical to convey the human 

advantage in using tools that are more complex than twigs and shells. The Oxford 

Dictionary defines a tool as “device or implement, especially one held in the hand, used 

to carry out a particular function: [as in] gardening tools.” (Oxford Dictionaries, 2017). A 

more effective approach for cognitive neuroscientists in classifying an object as a tool 

may be to consider what factors can differentiate tools from other objects such as 

semantic, mechanical (e.g., leverage, torque, etc.), and functional properties. The 

semantic knowledge of a hammer, for instance, would be knowledge that it is often used 

to pound nails in a workshop, home, or construction site. The mechanical properties, 

based on the elongation of the handle and composition of the functional end, would 

enable someone who had never seen a hammer before to deduce that it would provide 

leverage, heft, and a firm surface for pounding. Comparatively, the functional knowledge 
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of a hammer would be knowledge of the kinematics required to operate it (e.g., grasped at 

the base of its handle with a power grip and swung with a particular action). Although 

these three properties often co-occur, they can be dissociated by context. For example, a 

hammer has all three properties; however, when camping in the absence of a hammer, 

one might deduce from mechanical properties that a shoe, not normally considered a tool, 

would suffice to pound in a tent peg. By describing objects using these three properties, 

they can be placed on a spectrum of “toolness” whereby objects can range from simple to 

complex tools. On one end of the spectrum, there are simple tools that are akin to twigs 

and rocks that extend the mechanical capabilities of upper limbs to amplify basic 

functions such as reach, leverage, or torque (Frey, 2007). On the other end of the 

spectrum, there are complex tools (e.g., a hammer) which, in comparison to simple tools, 

typically require semantic and functional knowledge to operate. Simple tools often have 

minimal semantic and functional properties whereas complex tools are frequently used to 

perform actions that are qualitatively different than actions possible with the hand (Frey, 

2007).  

Humans can use both complex and simple tools, but orders that are closest to humans 

from an evolutionary perspective, such as non-human primates, almost exclusively use 

simple tools (Vaesen, 2012). In part, this is because human tool use is more sophisticated 

in terms of its eye-hand coordination, causal reasoning, and social learning (Vaesen, 

2012). The human brain has evolved to solve complex problems using tools facilitated by 

an advanced ability to reason (Osiurak, Jarry, & Le Gall, 2010). Though non-human 

primates demonstrate an aptitude for tool use and simple reasoning relative to other 

species, like the crow or the octopus, non-human primates cannot reason and learn at the 

level of humans (Vaesen, 2012). The human advantage in tool use is likely driven by 

differences in brain structure as well as in brain function between humans and other 

species. Complex tool use in humans is associated with an increase in overall brain size 

relative to the rest of the body. Moreover, compared to other non-human primates, 

humans show considerable expansion in association areas of the brain that are distinct 

from basic sensory and motor regions (Buckner & Krienen, 2013). For example, regions 

of posterior parietal cortex (PPC), which are implicated in tool use, show a 30-fold 

expansion compared to the macaque monkey. In stark contrast, sensory and motor areas 
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are comparable between both macaques and humans (Van Essen & Dierker, 2007). It has 

even been proposed that there is no homologue in the non-human primate brain for 

certain human brain areas that are critical for complex tool use (Peeters et al., 2009). 

Further, where there exist putative homologues for tool-processing in brain areas between 

both orders, the brain areas appear to serve more cognitively advanced functions in 

humans than in non-human primates (Kastner, Chen, Jeong, & Mruczek, 2017). As such, 

researchers interested in the neural correlates of tool use have focused on the expanded 

association areas (including putative homologues) in the human brain to better 

understand why humans are unparalleled in tool use relative to other species.   

In particular, researchers have given special consideration to association areas and 

putative homologues in the left hemisphere of the brain. Reports on neuropsychological 

patients who cannot properly use tools, such as patients with apraxia, have revealed that 

the left hemisphere is specialized for tool use (e.g., Buxbaum, Shapiro, & Coslett, 2014). 

Lesions in the left parietal cortex have revealed a principle of spatial organization that 

guide the topography of association areas. This principle is the basis for the theory of 

action mentalization-to-execution whereby posterior regions of parietal cortex plan an 

action before anterior regions carry it out (Goldenberg, 2009). Evidence from patients 

with apraxia corroborate this theory as these patients can show profound dissociations 

between knowing how to use a tool and being able to perform an action with a tool (Frey, 

2004). For instance, patients with ideational apraxia, due to lesions in the left PPC, can 

accurately perform actions with a tool but do so in improper contexts suggesting a 

conceptual deficit related to tool use. For example, one patient with ideational apraxia 

reportedly attempted to eat food with a toothbrush and brush their teeth with a comb or 

spoon when foils were presented with the appropriate tool (Ochipa, Rothi, & Heilman, 

1989). In comparison, patients with ideomotor apraxia, due to lesions more anterior than 

those observed in patients with ideational apraxia, have intact conceptual knowledge of 

tools but they cannot perform actions from memory. Patients with ideomotor apraxia 

demonstrate greater deficits in pantomiming tool actions (i.e., imitating tool actions 

without holding the tool) relative to performing that same action with the tool in hand 

(Frey, 2004). Crucially, patients with ideomotor apraxia are only impaired when 

pantomiming in response to familiar tools but can still infer function from the structure of 
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novel tools. This suggests that their impairment lies in inferring function from memory 

and not from inferring function from the structure (Buxbaum, Sirigu, Schwartz, & 

Klatzky, 2003). 

1.2 What happens when you see a tool? 

With the advent of functional magnetic resonance imaging (fMRI), it has become 

possible to probe the function of these left-lateralized areas involved in tool processing to 

understand how the cortical expansion in these areas has set us apart from other species.  

Conventionally, to study tool use in humans using fMRI, researchers have presented 

healthy participants with pictures of tools and measured the brain activity evoked by the 

“affordances” of the tools. Affordances are implicit cues about both the function of the 

tool as well as cues about the appropriate grasp required to use the tool. A Gibsonian 

perspective argues that affordances are evoked automatically and that they exist for all 

objects in the visual field (Gibson, 1977). According to this perspective, even the ground 

affords information about its potential for action through cues such as stability and 

texture. In the case of affordances evoked by tools, function can be inferred for instance 

by the protrusion of a handle as well as the weight of its functional end. For example, the 

configuration of a hammer’s handle and functional end (e.g., the peen) affords the 

opportunity to pound a nail into wood more so than the configuration of a screwdriver. 

Importantly, affordances are distinct from “associations” which are related to the 

semantic memory of a tool and which can only exist for familiar tools (Goldenberg & 

Hagmann, 1998). Affordances, in contrast to associations, provide the potential to use an 

unfamiliar tool or to use a familiar tool in a novel way (e.g., using the heel of a shoe to 

pound a nail).  

Affordances can be better understood by distinguishing between a structural affordance 

and a functional affordance (Jax & Buxbaum, 2010). The functional affordance of a 

hammer cues that its peen, a sturdy and blunt bit, is well-suited to pound a nail. The 

structural affordance of a hammer, on the other hand, cues the appropriate grasp to 

manipulate the hammer’s handle. For the hammer, its most salient structural cues are its 

protruding handle and heavier weight at its functional end. Without any prior knowledge 
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of the hammer’s function, one could in theory deduce the proper way to grasp the handle 

to pound a nail from structural cues alone.  

The distinction between a structural and functional affordance is made clear when 

considering how the two are dissociated in “conflict” tools. Conflict tools are a class of 

tools that afford different actions depending on whether the tool is used or simply held. 

Calculators, for instance, are processed differently by the visuomotor system depending 

on whether the actor’s intention is to simply hold them or to press their buttons (Jax & 

Buxbaum, 2010). Broadly speaking, this distinction exists for all tools as different grasps 

are typically adopted for using a tool and moving a tool. While moving a tool requires 

only evaluation of rudimentary factors such as determining its center of mass, using a 

tool requires additional processing such as assessing the interaction between the tool and 

its target (Valyear et al., 2011; Brandi et al., 2014; Squires et al., 2016). In sum, different 

types of affordances can be evoked by the visual cues of a tool (i.e., a functional or 

structural affordance) as well as the goal of manipulating a tool (e.g., hold, move, or use). 

One seminal behavioural study in particular has ushered in many follow-up experiments 

and propelled research on tool affordances. Tucker and Ellis (1998) asked participants to 

make left- or right-hand button presses in response to pictures of tools in which the tool 

handles were directed towards or away the from the responding hand. Critically, the 

direction of the handle was unrelated to the task which was to indicate whether the tool 

was upright or inverted. Their results revealed that when the tool’s handle was directed 

towards the responding hand (as opposed to away from it) the participants were faster at 

initiating a response with that hand. Adopting a Gibsonian perspective, the authors 

argued that the tool’s handle, even though an irrelevant feature for the task, primed a 

response with the hand that it was directed towards. This stimulus-response compatibility 

effect has also been observed using pictures of tools that require different grasp types 

(e.g., precision vs. power grip; Tucker & Ellis, 2010) and even when responses are made 

with the feet instead of the hands (Symes, Ellis, & Tucker, 2005). Unfortunately, a lack 

of replicability and specificity of this effect has challenged the validity of this seminal 

paper (see Cho & Proctor, 2010 and Wilf, Holmes, & Makin, 2013). Opponents of the 

affordance perspective propose that effects of stimulus-response compatibility driven by 
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attention (e.g., the Simon effect) are difficult to disentangle from effects driven by 

affordances. Alternatively, the opponents of the affordance perspective argue that actions 

are planned immediately before their execution (Cant et al., 2005). In other words, they 

suggest that the visuomotor system cannot be primed by the mere presentation of a 

picture of a tool. 

Despite the short-comings of the seminal Tucker and Ellis (1998) study, follow-up 

experiments nevertheless provide convincing evidence that presenting pictures of tools 

can indeed evoke affordances. Witt et al. (2010), for instance, showed that affordances 

evoked from a picture of a tool can interfere with the latency of naming a tool if that 

tool’s handle is directed towards a hand occupied with another object. This affordance 

effect was not apparent when pictures of animals were presented with their heads or tails 

directed towards or away from the occupied hand, challenging the notion that affordances 

can be explained solely by attention.  

In addition to this, pictures of tools have also revealed an area in the visual field where 

affordances are most salient. Right-handed participants are faster to recognize pictures of 

tools as compared to pictures of non-tools when the tools are presented in the 

participants’ right visual fields; Comparatively, this advantage is not present when the 

tools are presented in the left visual field (Handy, Grafton, Shroff, Ketay, & Gazzaniga, 

2003; Verma & Brysbaert, 2011). This result is in agreement with neuroimaging studies 

demonstrating that certain visuomotor areas activate most strongly to real objects in the 

lower-right visual field relative to left or upper visual fields (Gallivan, Cavina-Pratesi, & 

Culham, 2009; Rossit, McAdam, Mclean, Goodale, & Culham, 2013). These studies 

demonstrate that affordances evoked by pictures of tools as well as real objects are most 

salient in the preferred acting space of right-handed individuals. 

Tellingly, neuroimaging studies using pictures of tools have also supported the notion 

that pictures of tools evoke similar affordances as real tools. For example, passively-

viewing pictures of tools has been shown to recruit a network of regions that is also 

activated when a real tool is used (Lewis, 2006; Brandi et al., 2014; Gallivan et al., 2013). 

As with lesions that cause apraxia (Frey, 2004), many of these tool-selective areas are 
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lateralized to the left hemisphere. As the affordance perspective would predict, tool-

selective regions are responsive to changes in the orientation of tools (Valyear et al., 

2006) but not to changes in the orientation of non-graspable objects (Rice et al., 2007). 

The orientation of a tool is a relevant cue for areas that guide actions with tools whereas 

the orientation of a non-graspable object is not.  

There are, however, alternative explanations that may account for why tools evoke 

orientation-selective activation whereas non-graspable objects do not. For instance, 

neurons selective for elongated stimuli, like tools, exist in grasp-selective areas in the 

non-human primate brain (Sakata et al., 1997). Furthermore, when continuous flash 

suppression (CFS) is used to putatively isolate processing to certain visuomotor regions, 

elongated tools and elongated non-tools have been found to be processed similarly 

(Almeida, Fintzi, & Mahon, 2013). This suggests that the critical factor for tool-

selectivity may be elongation as opposed to being a tool. Indeed, there are visuomotor 

areas that activate more in response to tools than non-tools that also activate more in 

response to elongated than stubby objects (Chen et al., 2017). That said, elongation is 

often a diagnostic feature of tools because elongated objects offer mechanical advantages 

(such as bodily extension, leverage and torque).  Tools are often also asymmetric, with a 

handle and a functional end.  In elongated, asymmetrical objects, especially tools, it is 

important that the orientation of the hand matches the orientation of the tool before a 

grasp is carried out. Thus, objects with an elongated axis as opposed to symmetrical 

objects, for instance, are more likely to afford distinct grasps. The debate as to whether 

the visuomotor system is indeed selective for changes in the orientation of tools relative 

to the orientation of elongated objects is discussed further in Chapter 2. 

1.3 Tool-selective regions 

Commonly, neuroimaging researchers have presented pictures of tools to participants to 

evoke affordances and to activate tool-selective areas (Chao & Martin, 2000; Lewis, 

2006). However, recently researchers have also adopted more ecologically valid 

techniques to achieve the same end. For instance, instead of presenting pictures, 

researchers have presented real tools (Gallivan et al., 2013; Brandi et al., 2014), had 

participants perform real actions on real tools (Gallivan et al., 2013; Brandi et al., 2014), 
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or presented videos of actors using tools (Peeters et al., 2009). Presenting pictures is a 

popular proxy to studying tool use as pictures are available in databases, they are easy to 

edit, and they are quick to present. Conversely, real tools are difficult to use in fMRI 

because space is confined in the scanner’s bore, stimuli are limited to tools without 

ferrous metal, and motion artifacts may arise from excessive head movement when real 

actions are performed. There are, however, benefits to using real tools over pictures. Real 

objects differentially activate object-selective brain areas as compared to pictures of the 

real objects (Snow et al., 2011). These differences may arise because the potential for 

action is more salient with real objects relative to pictures of objects which, of course, 

cannot be grasped. Even from a young age, humans prefer to examine real objects over 

pictures of objects likely due to differences in graspability (Gerhard, Culham, & 

Schwarzer, 2016).  

Fortunately, even though real tools and real actions are difficult to use in fMRI 

experiments, using videos of tool actions may serve as an optimal approach between the 

artificial method of using pictures of tools and the technically challenging (yet 

ecologically valid) method of using real tools. Videos of tools have the benefit of 

displaying an action from start to finish and they demonstrate the interaction between the 

tool and its target. Furthermore, there is no ambiguity in the goal of a tool presented in a 

video relative to the goal of tool presented in a picture. The benefits of using videos of 

tools to study tool-selective regions are discussed further in Chapter 3. 

To study tool-selective regions in fMRI, neuroimaging researchers have typically 

compared the brain activity evoked when a picture of a complex tool is presented to when 

a picture of a non-tool such as a large object or animal is presented (Chao & Martin, 

2000; Lewis, 2006). Such contrasts reveal brain activity selective for a manipulable class 

of objects that extends (or transforms) the current function of the hands or arms. 

Tellingly, many tool-selective regions overlap with association areas that showed 

expansion in the human brain which coincided with advances in human tool use (Buckner 

& Krienen, 2013).  
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Tool-selective regions (see Figure 1) span two cortical streams that use vision for two 

broadly dissociable functions: the dorsal stream (occipito-parietal to motor cortex), which 

processes “vision for action”, and the ventral stream (occipito-temporal cortex), which 

processes “vision for perception” (Goodale & Milner, 1992). Tool-selectivity has been 

observed in dorsal-stream regions such as the dorsal and ventral premotor areas (PMd 

and PMv, respectively), the superior parietal lobule (SPL), the anterior intraparietal 

sulcus (aIPS), the anterior supramarginal gyrus (aSMG), and ventral-stream areas such as 

the posterior part of the lateral occipitotemporal cortex (pLOTC) along the middle 

temporal gyrus (MTG). Though these regions often co-activate in response to tools, they 

tend to process different aspects associated with tools (i.e., their mechanical, semantic, 

and functional properties). The premotor areas (PMd/PMv) are often co-activated when 

actions with a tool or a hand are performed and these areas are thought to represent 

semantic information related to goal irrespective of whether a hand or a tool is used. This 

is the case in both humans (Gallivan et al., 2013) and macaque monkeys (Umiltà et al., 

2008). The SPL uses functional information to guide actions on tools currently in the 

visual field (Rizzolatti & Matelli, 2003). Similarly, aSMG is thought to store functional 

associations of complex tools (not necessarily in the visual field) and, interestingly, this 

area has no known primate homologue (Peeters et al., 2009). Lastly, areas such as 

pLOTC (Bracci, Cavina-Pratesi, Ietswaart, Caramazza, & Peelen, 2012), are likely 

selective for the semantic information of tools and communicate with functional areas 

like aIPS which are selective for grasping (Culham et al., 2003).  
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Figure 1. Commonly reported tool-selective regions. 

A further functional separation of the dorsal stream into two substreams has also revealed 

an additional division of labour in tool processing. In this further separation, a dorso-

dorsal stream guides the online control of action, while a ventro-dorsal stream subserves 

space perception and action understanding (Rizzolatti & Matelli, 2003). The dorso-dorsal 

stream extends from the intraparietal sulcus (IPS), into the SPL, finishing in the PMd. 

This stream, characterized as the “use system”, processes the shape, size, and orientation 

of objects currently in the visual field (Binkofski & Buxbaum, 2013). Interestingly, past 

research has revealed that humans and non-human primates differ significantly in 

cognitive functioning supported by areas in the dorso-dorsal stream which is perhaps a 

contributing factor to the human advantage in tool use (Kastner et al., 2017). The ventro-

dorsal stream, in contrast, extends from the angular gyrus, into the supramarginal gyrus 

(SMG), ending in PMv. This stream, defined as the “grasp system”, is thought to store 

information about skilled actions associated with familiar objects (Binkofski & 

Buxbaum, 2013). The division of the dorsal steam into “use” and “grasp” substreams is a 

useful framework to evaluate the extent to which pictures of tools or real tools can evoke 

affordances. Affordances evoked by unfamiliar tools, for instance, would be more likely 

to recruit the “use” system than the “grasp system” as the grasp system is especially 

responsive to familiar tools. The effect of familiarity is discussed further in Chapter 4. 

1.4 Research questions 

Many tool-selective regions in the dorsal- and ventral-stream that activate in response to 

pictures of tools (as well as to tool sounds, tool words, and tool use imagery) also activate 

in response to real actions with real tools (Lewis, 2006; Gallivan et al., 2013). Although 

there is overlap between the areas that activate in response to pictures of tools and to real 

actions on real tools, it is unclear whether tool pictures are an effective proxy for real tool 

use, especially as this is contingent on the degree to which a picture of a tool can 

potentiate a real action. As such, studies of the neural processing of tools may have 

overestimated the role of cognitive areas and underestimated the role of motor areas in 

tool processing (Hermsdörfer, Terlinden, Mühlau, Goldenberg, & Wohlschläger, 2007; 

Paccioco, McLean, & Culham, 2012). Unfortunately, while using real tools is more likely 
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to potentiate actions relative to using pictures of tools, the limitations of fMRI mean that 

even “real” tool use has constraints. For example, only non-ferrous real tools can be used 

in the scanner and the range of motion in real actions must be limited to avoid motion 

artifacts. Moreover, the experimental set up required to enable real tool use is technically 

challenging and time-consuming.  Therefore, the impetus for the projects in this thesis are 

driven by a need to discover and validate the optimal proxy to study tool use in the fMRI 

environment.  

In light of this, the overarching goals of my thesis are, 1) from a methodological 

perspective, to determine whether different proxies for studying tool use are more 

effective than using pictures but less technically challenging than using real actions on 

real tools; and 2) from a theoretical perspective, to determine what these proxies can 

reveal about complex tool processing, particularly in brain regions involved in 

visuomotor control. 

In Chapter 2, I present a study in which the stimuli consist of real tools, which are 

expected to invoke a stronger potential for action than pictures of tools. Here, I will 

compare brain activity in response to passively viewed real tools to that of physically 

scrambled versions of the same tools. I hypothesize that 1) the tool-selective regions will 

remain selective for tools as compared to scrambled tools even after elongation, size, and 

manipulability have been matched; and 2) real tools will evoke a potential for action in 

that brain activation will be differentially affected depending on whether the direction of 

the tool’s handle is oriented towards or away from the hand required to use that tool.  

In Chapter 3, the stimuli consist of videos and pictures of tools. Tools are a unique 

category of objects that is characterized by motion and action reasoning. Unfortunately, 

the majority of researchers studying tools use static tools isolated on a neutral 

background that does not provide context for an action (Mahon et al., 2007; Orlov et al., 

2010; Bracci et al., 2012; Stevens et al., 2015). I hypothesize that videos, which provide 

context and depict the goals of tool use, will be more effective than pictures at activating 

tool-selective regions. Even though passively viewed real tools (as in Chapter 2) may be 

an optimal approach to study tool-selective regions, static tools still lack the defining 
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motion associated with tool use. Chapter 3 will explore the benefits of dynamic stimuli 

such as videos compared to static stimuli such as pictures to study tool use.  

In Chapter 4, the stimuli will also consist of videos and here I will examine whether tool 

familiarity and action goals mediate activity in tool-selective regions. Depicting tools via 

video affords the opportunity to depict the characteristic motion associated with tool use 

however it is unclear if viewing a familiar tool performing a functional action (e.g., using 

a hammer to pound a nail into wood) mediates activity in visuomotor areas as compared 

to viewing a familiar tool performing a non-functional action (e.g., simply moving the 

hammer from one location to another) or viewing an unfamiliar tool performing either a 

functional or non-functional action. Often, researchers overlook whether their 

participants are familiar with tools presented in the study. I hypothesize that, if tool-

selective regions are truly involved in action reasoning, familiarity will mediate activity 

in these regions especially when functional actions (as compared to non-functional 

actions) are observed. 

Taken together, these projects will make both methodological and theoretical advances.  

Methodologically, I will examine the effectiveness of presenting real tools (with no 

action carried out), tool videos, and tool pictures for studying tool-related brain 

processing. Theoretically, I will examine the contributions of tool attributes such as 

elongation and size, motion, context, goals, and familiarity in modulating activation 

across a range of perceptual, cognitive, and motor areas of the human brain. 
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Chapter 2  

2 Do human brain areas involved in visuomotor actions 
show a preference for real tools over visually similar 
non-tools? 

2.1 Introduction 

The adept use of tools is a cognitive ability that is enhanced in the human brain compared 

to other species.  The advent of fMRI has afforded the opportunity to examine the brain 

mechanisms associated with tool use and it has revealed a number of left-hemisphere 

areas implicated in the use of vision for guiding actions (the dorsal stream from occipito-

parietal cortex to motor cortex) and for recognizing objects (the ventral stream in 

occipito-temporal cortex; Goodale & Milner, 1992). Historically, to study tool-selective 

regions of the brain activity associated with viewing pictures of tools has been contrasted 

against activity when viewing pictures of control stimuli such animals, buildings (Chao & 

Martin, 2000), chairs (Bracci et al., 2012), scrambled images (Creem-Regehr & Lee, 

2005), or other non-tool shapes.  These contrasts have reliably identified tool-selective 

areas in the dorsal stream (e.g., SPL, ventral pre-motor cortex; PMv) and ventral stream 

(e.g., pLOTC), particularly in the left hemisphere. The co-activation of areas in both 

dorsal and ventral visual streams is thought to reflect access to motor knowledge (such as 

how to grasp a tool) and functional information (such as the function of the tool), 

respectively (Lewis, 2006; Canessa et al., 2008).   

The contrast between tool and non-tool pictures has revealed many brain areas involved 

in tool processing however this selectivity could also be driven by stimulus confounds.  

Firstly, even when tools and non-tools are matched for retinal size, the differences in real-

world size between tool (e.g., a hammer) and non-tool stimuli (e.g., an elephant or a 

building) may bias activation.  Specifically, the real-world size of objects modulates the 

activity of areas in the ventral stream, with gradients in localization between items with 

large vs. small real-world sizes (e.g., houses and places vs. faces; Levy et al., 2001; 

Konkle & Oliva, 2012), even when retinal sizes are matched.  Moreover, the graspability 

of stimuli could also confound the data as some brain regions show similar responses for 
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tools and graspable objects (Mruczek, von Loga, & Kastner, 2013) while others show a 

preference for tools relative to graspable objects (Mahon et al., 2007; Valyear et al., 

2012). The use of pictures of tools as a proxy for real tools may also impact the 

representation that is evoked.  After all, one would never use a picture of hammer to 

pound a nail.  Indeed, growing evidence suggests that both action kinematics (Holmes & 

Heath, 2013) and brain activation (Snow et al., 2011) differ for real objects and pictures.  

Real tools (matched for real-world size and graspability) may recruit areas that recognize 

the potential for a real action – a possibility not afforded by pictures of tools. 

Secondly, some suggest that the dorsal stream may not be selective to tools per se but to 

visual elongation (Almeida, Fintzi, & Mahon, 2013; Sakuraba, et al., 2012), a property 

shared by stereotypical tools (but see Hebart & Hesselmann, 2012).  Specifically,  

research using this technique purported to tap into dorsal-stream processing (CFS; Fang 

& He, 2005) finds that pictures of elongated non-tools (e.g., a cucumber) and tools prime 

activity in the dorsal stream to similar extents (Sakuraba et al., 2012). That said, priming 

effects have been found for elongated tools but not for elongated non-tools (Verma & 

Brysbaert, 2011). Thus, it is likely that both elongation and tool category influence tool 

processing; however, given that most tools are elongated, it is difficult to infer the 

relative contribution of each factor.   

Brain imaging has revealed visuomotor regions that are selective for the change in 

orientation of elongated tools but not of non-graspable objects (Valyear et al., 2006; Rice 

et al., 2007).  This suggests that the direction of the tool’s handle or functional end is a 

relevant property for areas involved in visuomotor control (e.g., areas involved in 

preshaping the hand before a grasp).  The selectivity of visuomotor areas for tool 

orientation is in agreement with a long line of behavioral research sparked by a seminal 

study (Tucker & Ellis, 1998) that reported that participants were faster to respond to a 

tool when its handle was directed toward the hand as opposed to away from it (although 

this result and its interpretation have been contested; e.g., see Cho & Proctor, 2010).  In 

other words, the orientation of a tool handle may potentiate different actions for the hand 

depending on which hand the tool’s handle is directed towards. Currently, though, it is 

unknown whether visuomotor areas activate preferentially to specific tool handle 
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orientations. If actions with a particular hand are facilitated when a tool’s handle is 

directed towards that hand (Tucker & Ellis, 1998), one might expect greater activation in 

visuomotor areas contralateral (vs. ipsilateral) to that hand.  However, it is equally 

possible that in right-handed participants visuomotor regions will only show greater 

activation when the tool handle is directed towards the dominant right hand (Verma & 

Brysbaert, 2011). 

In light of this, the goals of the current fMRI study were two-fold: 1) to determine 

whether visuomotor regions show a preference for real tools over visually similar non-

tools even when the stimuli have been matched for real-world size and elongation, and 2) 

to determine whether visuomotor regions show preferential activation for left or right tool 

handle orientation. Importantly, real tools as opposed to pictures of tools were used to 

answer these questions. Pictures of tools may differentially activate tool-selective regions 

as it is not possible to grasp a picture. 

To this end, fMRI was used to measure brain activation while participants directly 

viewed real tools and scrambled non-tools in different orientations (see Figure 2). 

Crucially, to be confident that activity was not driven by low-level features or differences 

in graspability, tool and non-tool stimuli were matched for elongation and real-world 

size. I employed traditional tools that have strong motor associations with the dominant 

hand (i.e., a pipe wrench and a hammer) and created “non-tools” (playfully named 

“hammench” and “wrammer”) to control for low-level confounds.  To make the non-

tools, the functional ends of the hammer and pipe wrench (i.e., the hammer head and pipe 

wrench jaw) were cut in to pieces and recombined along both extremities of the original 

handles. All four objects were presented within reach and viewed directly without mirrors 

to optimize the perceived potential for action. Objects were placed with the axis of 

elongation in one of two horizontal orientations: tools were presented with the handles 

directed towards the left or right hand and non-tools were presented in one of two mirror-

flipped horizontal orientations (see Figure 2). 
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Figure 2. Setup for fMRI experiment (top panel) with tool and non-tool stimuli 

(bottom panel). Non-tools were created by chopping up the functional ends of the 

original hammer and pipe wrench (i.e., the hammer head or pipe wrench jaw) and 

recombining pieces from both tools along both ends of the original handle of the 

hammer and of the pipe wrench. 

2.2 Methods 

2.2.1 Participants 

Twelve right-handed healthy individuals (6 women) with normal or corrected-to-normal 

vision participated.  Data were also collected from an additional five participants but 

three were excluded due to technical difficulties and two were excluded due to 

contamination from head motion. Before scans were acquired, informed consent was 

obtained in accordance with the guidelines approved by Western University’s Health 
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Sciences Research Ethics Board.  All participants were naïve to the experimental 

hypotheses and were compensated $25 per hour. 

2.2.2 Task 

A 2 (Tool) x 2 (Orientation) design was employed whereby participants passively viewed 

either a tool or non-tool in two different orientations (see Figure 2).  The objects were 

never grasped and participants simply passively viewed the stimuli without an instructed 

task (e.g., participants were not asked to imagine tool use or pantomime).  Prior to the 

scan, however, participants grasped different plastic tools (e.g., whisk, spatula, comb, 

toothbrush, and pizza cutter) inside the scanner to give them a sense that real actions 

could be carried out in the testing environment (even though no actions were performed 

in the test runs). 

The main tools (hammer and wrench) were plastic toy tools.  The non-tools (hammench 

and wrammer) were created by chopping up the functional ends of additional copies of 

both tools into pieces (e.g., the claw of the hammer or one jaw of the pipe wrench; see 

Figure 2) and gluing the pieces to one of the two handles.  Both tools and non-tools were 

painted black to provide high contrast against the white background of a platform placed 

above their hips.  Because the non-tools were unfamiliar and roughly symmetric, they 

should not have evoked any particular action association or affordance.  

2.2.3 fMRI setup 

Participants’ heads were tilted approximately 30º to allow them to view a platform fixed 

above the hips.  The left and right hands were placed on the far left and right sides 

(respectively) of the platform in a “home position” throughout the entire experiment.  

Participants were able to comfortably view and interact with objects placed on a platform 

in their lower visual field (i.e., below the natural line of gaze).  A fixation light was 

placed slightly above the platform and participants were asked to maintain fixation 

throughout the entire run. Importantly, participants did not hold any devices (e.g., MRI 

“squeeze ball” or response pad) in their hands because this can interact with tool 

orientation to affect tool processing (see Witt et al., 2010). 
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2.2.4 fMRI design  

Each slow event-related run began with a 12-s baseline in which all lights were off except 

for the fixation LED (light-emitting diode).  After the baseline period, a scene light was 

turned on and participants passively viewed the centrally presented object for 2 s while 

they maintained fixation on the horizontal mid-point of the object. A 10-s baseline 

followed each 2-s viewing window in which the experimenter swapped the objects. There 

were eight experimental runs where stimuli were presented 40 times in pseudo-random 

order.  The object series was ordered such that each condition preceded every over 

condition (including itself) an equal number of times. Each of the four objects in each 

orientation (left or right) was presented 40 times (e.g., 40 trials of a hammer with the 

handle directed towards the right hand).  

2.2.5 Data acquisition 

Imaging was carried out on a 3-Tesla Siemens Tim Trio scanner at the Robarts Research 

Institute at the University of Western Ontario. To provide a high signal-to-noise ratio 

without occluding the view of the hand workspace, brain activation was measured using 

the bottom half (20 channels) of a Siemens 32-channel head coil placed beneath the head 

as well as a 4-channel flex coil suspended over the forehead.  Both coils were tilted 

approximately 30 º to allow the participant to view the stimuli directly without mirrors.   

For functional scans, T2*-weighted fMRI volumes with a 3-mm isotropic resolution were 

collected using a gradient-echo echo-planar imaging (EPI) pulse sequence with 

interleaved slice acquisition (repetition time (TR) = 2000 ms; time to echo (TE) = 30 ms; 

flip angle (FA) = 70º; field of view = 216 mm x 216 mm; 37 slices). For anatomical 

scans, T1-weighted volumes with 1-mm isotropic resolution were collected (TR = 2300 

ms; inversion time = 900 ms; TE = 30 ms; FA = 9º; field of view = 240 mm x 256 mm x 

192 mm).   

2.2.6 Data preprocessing 

Prior to analysis, data underwent slice scan time correction, motion correction, and high-

pass filtering (in this order) using Brain Voyager QX version 2.4 (Brain Innovation, 
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Appendix B: Letter of Information, Consent Form, and Ethics Approval for 

experiments in Chapters 2-4. 
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