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Abstract 

Past research has suggested that performance on tactile temporal ordering 

judgments (TOJ) depends on both the location of the hands and the tools. When 

judging which hand was presented with one of two vibrotactile stimuli presented to 

each hand at varying intervals, accuracy levels decreased both when the hands were 

crossed and when the tools were crossed. This effect of tool crossing alone has been 

interpreted as evidence for the incorporation of tools into the body schema. 

However, the studies presented here suggest no effect of tool position on 

performance. Subjects performed a tactile TOJ with tools task in four conditions: 

hands and tools uncrossed, hands crossed with the tools uncrossed, hands uncrossed 

with the tools crossed, and both the hands and tool crossed. Results show a strong 

effect of hand location, but no effect of tool location, with performance in the hands 

uncrossed with the tools crossed condition remaining comparable to the hands and 

tools uncrossed condition. In addition, our findings suggest an interaction between 

sex and response type, in which female performance when responding with foot 

pedals, as opposed to with the tools, decreases significantly. This effect was not true 

for males. This may suggest a difference in the way males and females map 

somatotopic and external space. Implications for the incorporation of tools into the 

body schema are discussed. 
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Tactile Temporal Ordering Judgments with Tools: Evidence for Performance 

Depending on Hand, not Tool, Location and on Response Type for Females 

Introduction: 

While we may not necessarily notice it, people use tools every day. Whether 

you are the star of your school's fencing team, and are able to wield a sword as 

though it were a part of you, or are just using a knife and fork to cut your dinner, 

tools are a prominent part of human life. Yet, considering how remarkably adept we 

are at using tools, very little is known about how our brains actually conceptualize 

them. Little to no conscious effort is put into using well-known tools, and yet we are 

easily able to adapt our motions to incorporate a wide range of tools. A tool is 

defined as any functional extension of the body that allows an individual to interact 

with the space beyond his or her immediate reach. The question of how we use tools 

is one that has become of great interest to some neuroscientists. A review of the 

rather short history of the neuroscience of tool-use shows that there are two 

competing hypotheses as to how we unconsciously represent various tools. The first 

one, which we will refer to as the "Body Schema" hypothesis, posits that when we 

use a tool, it is actually incorporated into our cognitive representation of where our 

bodies are in space (Maravita & Iriki, 2004). The second theory, which we will call 

the "Attentional Reallocation" hypothesis, claims that our ability to accurately use 

tools stems from a reallocation of our attentional resources from our hands towards 

the functional parts of the tools (Holmes et al, 2007). Here I will present the 

evidence for both hypotheses along with two experiments to help determine whether 
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tool-use represents an integration of tools into our body schema or a reallocation of 

attentional resources. 

Somatosensation and Cognitive Representations of the Body 

The body has long been seen as a particularly important and fascinating 

object, largely because of its dual role in our cognition. On the one hand, the body is 

comprised of various sensory receptors and is "the seat of our sensations and the 

reference of first-hand experience" (Longo, Azailon & Haggard, 2010). On the other 

hand, the body is still a physical object that can both act upon other objects and be 

acted upon. This dichotomy suggests that there are in fact two ways in which we 

perceive the body. First, we have a representation of our body based upon 

somatosensory input presented to the body, and then secondly, we are able to reflect 

upon this input and think about the body as an external object within the world. 

Somatosensation, which is the perception of sensory input presented directly to the 

body (i.e., touch), is processed in the primary somatosensory cortex. However, a 

plethora of evidence has been compiled showing that somatosensation does not stop 

there. Rather, research has shown that we have a higher-order representation of 

where our bodies are located in space, called the body schema (Head & Holmes, 

1911). In fact, the body schema receives input from all sensory modalities that is 

then integrated into a constantly updating representation of the body and is crucial to 

our ability to act efficiently in space (Maravita & Iriki, 2004; Medina & Coslett, 

2010). 

In their original description of how we perceive the body, Head and Holmes 

(1911) noted that it could be divided into three main categories: the postural schema, 
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the superficial schema, and the body image. The body image refers to our conscious 

representation of the body, including perceived form, shape, size etc. On the other 

hand, the postural schema is a representation of the body's position in space that 

changes as we move, while the superficial schema is what we use to localize 

sensations on the body (Head & Holmes, 1911; Medina & Coslett, 2010). Both of 

these latter representations are unconscious processes that together comprise the 

multisensory representation of the body that Head and Holmes (1911) termed the 

body schema (Longo et al., 2009; Medina & Coslett, 2010). Moreover, in extending 

Head and Holmes' (1911) initial findings, Medina and Coslett (2010) have proposed 

that there is a further dissociation between body posture, meaning where the body is 

located in space, and body form, which is our representation of the size and shape of 

the skin surface. Now, while we clearly do not have sensory receptors on the tools 

that we may wield, numerous studies (as described below) have shown that we can 

refer sensory information to tools. Thus, an understanding of how we perceive the 

body and its location in space is crucial to the comprehension of tool-use. 

Body Form and Neural Plasticity 

In looking at the distinction between body posture and form, Medina and 

Coslett (2010) suggest that input from the primary somatosensory cortex (SI) is re-

mapped into the body form representation, which subsequently allows one to 

localize stimuli presented to the body. Evidence can be seen for this distinction in 

brain imaging studies which show differential use-dependent cortical mapping 

within the primary somatosensory cortex. One study using magnetoencephalography 

(MEG) found that the representations of violinists' fingers in the primary 
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somatosensory cortex were much larger than the finger-representations of non- 

violinists (Elbert et al., 1995). It is presumed 

that the increase in sensory input to violinists' 

fingers led to larger cortical representations 

within the SI. Yet, these individuals' 

representations of their sensory receptors are 

distinct from the actual size of their fingers, 

which clearly have not actually changed in 

size. Further evidence for this distinction has 

come from patients with lesions to the 

somatosensory cortex who have an intact 

ability to perceive tactile stimuli, but have 

trouble localizing them; these individuals 

show a reorganization of their somatotopic 

Figure 1. Shifts in somatotopic 

representations of hands following left 

hemisphere lesions (Rapp, Hendel & 

Medina. 20021. 

maps in SI, causing stimuli presented to one part of the hand to be perceived as 

being presented to another (see Figure 1) (Rapp, Hendel & Medina 2002). Thus, 

within the primary somatosensory cortex there is a clear dissociation between the 

detection and localization of tactile stimuli, with one's body form representation 

changing due to experience and differential usage. 

In addition, studies using a proprioceptive illusion known as the Pinocchio 

illusion have shown that we can alter a person's perception of body form, thus 

lending further support to the existence of a higher-order representation of the body 

schema. First described by Lackner (1988), the Pinocchio illusion is demonstrated 
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by having people close their eyes and touch their nose, while a vibration is given to 

the bicep muscles. This vibration results in the sensation of moving the arm 

outwards and when presented while touching the nose, subjects report feeling as 

though the nose is extending or growing (Lackner, 1988). Here, the brain is 

receiving two conflicting sensory inputs: the sensation of the arm extending and the 

knowledge that the hand is still touching the nose. Without any input from other 

sensory, modalities, such as vision, the brain will follow the information it is 

receiving from the somatosensory cortex only, thus causing it to recalculate the size 

of the nose (Ehrsson et al., 2005). The fact that these illusions exist, and that we can 

dissociate the various components of our body perception within the primary 

somatosensory cortex, suggests that in order to efficiently interact with the world 

around us, there must be a higher-order processing of our body schema. In the 

Pinocchio illusion, for example, the subjects clearly know that their nose is not 

actually growing, even though that is what the sensory input into SI is saying, In 

order to make sense of the conflicting sensory information being processed in the 

primary somatosensory cortex, the body form representation updates in the most 

logical way it can — by updating its representation of the size of the nose. Thus, the 

integration of multiple sensory inputs into a higher-order representation of the body 

schema is crucial to our ability to constantly and properly update both our body 

location in space and the location of various stimuli on or around us. 

Ehrsson et al. (2005) extended the Pinocchio illusion to a functional magnetic 

imaging (fMRI) study looking at the neural changes related to this illusion. In this 

study, the illusion was used to alter the subjects' perceived relative size of their waist 
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(shrinking) by having subjects place their 

hands on their waists and presenting the 

vibration to the outside of the wrists (see 

Figure 2). Results from this fMRI study 

showed increased neural activity in the 

cortices bordering the left postcentral and left 

intraparietal sulci, corresponding to the 

perceived shrinking of the waist. Moreover, 

they found a directly linear relationship 

A 

Figure 2. An illustration of the Pinocchio 

illusion applied to the waist. Vibration on the 

inside of the wrists results in the illusion of 

the waist expanding, while vibration on the 

outside of the wrists results in perceived 

shrinkino. (Flirccnn et al 90(151 

between the activity in these areas 

and the reported strength of the 

illusion, in that the individuals 

who described a stronger 

sensation of the waist shrinking 

also showed the highest levels of 

activity in these parietal regions. Ehrsson et al. (2005) suggest that this activity 

represents the recalculating processes of the higher-level body schema 

representation, and that these regions may play an important role in our construction 

of the body image. 

Body Posture, Time and Tool-Use 

Another important component of the body schema is what Head and Holmes 

(1911) first called the postural schema, which refers to the representation of our 

body's position in space before and after movement. As part of this multisensory 
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where we believe our limbs should be 

located in space. In one study, researchers 

looked at eye saccades, or movements, 

towards visual or tactile stimuli 
Figure 3. Pattern of eye saccades when 

presented on one hand or the other (Groh 
subjects were asked to look at the hand to 

& Sparks, 1996). Subjects were asked to 
which a vibrotactile stimulus was presented, 

look at the hand to which a vibrotactile 
in both arms crossed and uncrossed 

stimulus was presented, in both hands- 
conditions (Groh & Sparks, 1996). 

uncrossed and hands-crossed conditions. 

Researchers found a significant effect of limb position on eye movement curves for 

somatosensory information (see Figure 3) (Groh & Sparks, 1996); when the 

subjects' hands were crossed, their eyes would initially begin to move to the side of 

external space on which the hand that felt the stimulus is typically located (i.e., the 

right hand on the right side), and would then curve towards the side of external space 

in which the hand was currently located (i.e., the left side of external space). This 

experiment shows both the importance of visual information to the locating our 

bodies in space, and how we process our body position over time. We have an 

internal representation our where we think our limbs should be (i.e., the left arm on 

40' 
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the left side of our body), which is distinct from our limbs' actual location in space. 

The shifts in eye movements in Groh and Sparks' (1996) study show that we may 

make momentary mistakes when our limbs are not on their canonical sides, but with 

time we update and adjust this representation according to other sensory inputs. 

In a seminal study using a tactile temporal ordering judgment task, 

Yamamoto and Kitazawa (2001a) further demonstrated the existence of a distinct 

postural schema as a part of our constantly updating representation of where the 

body is located in space. Tactile temporal ordering judgments require the subject to 

sit at a table with their hands out in front of them, while vibrotactile stimuli are 

presented to one hand and then the other, at varying time intervals. With their eyes 

shut, when subjects' hands are uncrossed they can accurately and quickly identify 

which hand was touched first when the two stimuli were presented at an interval as 

short as 70 milliseconds apart (Yamamoto & Kitazawa, 2001a). However, the 

subjects' ability to recognize which hand was first presented with the tactile stimulus 

is much worse when their hands are crossed. With the subjects' hands crossed and 

eyes shut, the vibrotactile stimuli had to be presented about 1,500 milliseconds apart 

for accurate detection (Yamamoto & Kitazawa, 2001a). Similar to the eye-saccade 

findings of Groh and Sparks (1996), here we see a delay in response time when the 

limb is not on the expected side, showing that the ordering judgments are not being 

made based only on the stimulus location on the skin. Instead, we must separately 

take our limbs' position into account before being able to accurately determine 

which hand was presented with a stimulus first (Yamamoto & Kitazawa, 2001a). 
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By applying this tactile temporal ordering paradigm to tool-use, evidence has 

been found for the extension of our body schema representation to include tools. In 

these experiments, the vibrotactile stimuli are presented to the tips of the tools, 

which are typically long sticks, and subjects are asked to judge which tool was 

presented with the stimulus first (Yamamoto & Kitazawa, 2001b). Subjects perform 

temporal ordering judgments for four conditions: both hands and sticks uncrossed, 

hands crossed and sticks uncrossed, sticks crossed but hands uncrossed, and both 

hands and sticks crossed. In Yamamoto and Kitazawa's (2001b) design, subjects 

placed the tip of each tool on a lever in front of them. They were then asked to close 

their eyes and respond as to which tool was stimulated first (or second on half of the 

trials) by using that tool to press down on the lever. Subjects perform quite well 

when both their hands and tools uncrossed, similarly to tactile temporal ordering 

judgments without tools. When the subjects' hands were crossed but tools were not, 

performance decreased to levels comparable to the hands crossed condition without 

tools (Yamamoto & Kitazawa, 2001b). However, Yamamoto and Kitazawa (2001b) 

also found a significant drop in performance when the subjects' hands were 

uncrossed and the sticks were crossed, suggesting that the tools are being 

represented similarly to the hands. Finally, performance in the hands and tools 

crossed condition was similar to that of the hands and tools uncrossed condition (see 

Figure 4). Since performance clearly depended on the side of space the tools are 

located, Yamamoto and Kitazawa (2001b) suggest that we are able to refer 

somatosensory information to tools, and that we encode the location of tools as we 
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would for our limbs. This paradigm of tactile temporal ordering judgments will be 

employed in this study and will be further discussed below. 

Figure 4. Results from Yamamoto & Kitazawa's (2001) tactile temporal 

ordering judgment task using tools, showing that subjects performance is 

affected even when the only the tools are crossed. 

Peripersonal Space 

As can be seen in a number of the studies previously mentioned here, one 

central issue to the understanding of the body schema is the idea of frames of 

reference. Here, the question is how we anchor our representations of where the 

body is located in space. When encoding visual information, it is represented 

retintopically, meaning based on where we are looking; on the other hand, when 

encoding somatotopic information, such as touch, we represent these stimuli in a 

body-centered frame of reference, meaning based on their location on the body 

(Macaluso & Maravita, 2010). A body-centered frame of reference implies that we 

have distinct representations of near and far space that are based on our body's 

location. Far space, known as extrapersonal space, refers to the space outside of our 
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immediate reach (Magosso et al., 2010). The area immediately surrounding our 

bodies is referred to as peripersonal space (Ladavas & Fame, 2004), and it is thought 

to be a particularly important component of the body schema because we are able to 

directly interact with objects within the confines of this space (Magosso et al., 2010). 

Therefore, it has been suggested that peripersonal space may be represented uniquely 

within the body schema. We have a very different relationship to an object within 

our reach than a far-away object, in that objects within our peripersonal space 

present us with many more options for interaction and are much more likely to 

immediately affect us. Subsequently, the representation of these objects likely 

requires a different set of cognitive processes than do objects outside of the 

peripersonal space. 

Yet, the concept of a body schema also requires that we somehow combine 

information from a number of senses into a coherent and constantly updating 

representation of our bodies and surroundings. In order to do this, we rely on regions 

of the brain that integrate visual and somatotopic information from our peripersonal 

space. One study conducted by Iriki, Tanaka and Iwamura (1996) used single-cell 

recording techniques in Japanese macaques to look at neurons in the intraparietal 

cortex, where the integration of somatosensory and visual information is known to 

take place. Their research established that there are bimodal neurons in this region of 

the macaque's brain that responded to visual and tactile stimuli presented only on or 

around the body (Iriki, Tanaka & Iwamura, 1996; Maravita & Iriki, 2004). Other 

studies using animal models have also shown subpopulations of neurons within a 

network extending through the putamen, parietal and premotor areas that respond 
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only to stimuli presented on or directly around the body; moreover, such studies 

have shown that these visual fields are anchored to the body, meaning that they shift 

along with the body when it moves (Magosso et al., 2010). These findings from 

monkeys have been taken as evidence for the distinctive body-centered 

representation of peripersonal space within the larger higher order processing of the 

body schema (Maravita, Spence & Driver, 2003). 

In investigating these findings in human subjects, individuals with damage to 

certain areas of the brain have offered insight into how humans represent near versus 

far space. Results similar to Iriki, Tanaka and Iwamura's (1996) have been found in 

studies of individuals with lesions to the right posterior parietal cortex, who show 

neglect for visual stimuli presented in the contralesional (left) peripersonal space 

(Halligan & Marshall, 1991; Halligan, Fink, Marshall & Vallar, 2003). Neglect 

refers to a phenomenon in which individuals fail to respond to stimuli presented in 

one visual field, typically following brain damage. Using a line bisection task, 

Halligan and Marshall (1991) looked at a patient who had a right-hemisphere stroke 

and showed left visuo-spatial neglect. The task was first presented within the 

subject's peiipersonal space via a board placed before the subject's eyes. When the 

task was presented within his peripersonal space, the patient's mean bisection 

placement shifted to the right, implying that he was failing to respond to the left side 

of the line. However, when the line bisection task moved further away from the 

subject, into his extrapersonal space, these deficits were greatly reduced (Halligan & 

Marshall, 1991), thus further supporting the distinct representation of peripersonal 

space. 
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Tool-use and Evidence for the Body Schema Hypothesis 

As mentioned here prior, researchers who follow the body schema hypothesis 

claim that when we use a tool, we actually integrate it into our body schema, thus 

extending our representation of peripersonal space. Furthermore, as peripersonal 

space is thought to be derived from the body schema, evidence for this has come 

Figure 5: Paradigm employed by Iriki, Tanaka & Iwamura (1996) in single-

cell recording studies of Macaque monkeys. Shaded area represents the visual 

field the bi-modal neurons in the monkey's intraparietal cortex before and after 

tool-use training. 

established bimodal neurons in the ventral intraparietal cortex of macaques, Iriki, 

Tanaka and Iwamura (1996) next trained the monkeys to use a rake-like tool to bring 

a food pellet within reach of their hand while strapped into a chair (See Figure 5). 

The researchers recorded the firing of these bimodal neurons in the intraparietal 

cortex, using the same single-cell recording method as before. They found that after 

tool-use training, the bimodal neurons that previously fired only for visual stimuli 

presented within the peripersonal hand space, now fired in an extended visual field, 

including the entire length of the tool. This means that while the neurons did not fire 
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when a visual stimulus was presented outside of the monkey's peripersonal space 

before the training period, these same neurons now fired for stimuli presented in the 

same location (Iriki, Tanaka & Ivvamura, 1996). The researchers took this extended 

visual field as evidence for the expansion of peripersonal space as a part of the 

incorporation of tools into our body schema. 

In expanding these findings to human subjects, a number of studies have 

offered evidence for the incorporation of tools into the body schema. Looking back 

at the studies of individuals with neglect, researchers questioned whether subjects 

who showed neglect in their peri-hand space would also show neglect in this 

extended representation of peripersonal space around tools. If so, it would suggest an 

integration of the tools into one's representation of peripersonal space. Berti and 

Frassinetti (2000) tested this in a brain-damaged individual who presented with left 

visuospatial neglect in near but not far space when performing a line bisection task. 

Interestingly, when given a laser-pointer to bisect the line in far space, the individual 

did not show this neglect; however, the neglect remained when given a long stick to 

perform the same task in far space. Berti and Frassinetti (2000) suggest that the use 

of the stick, a concrete tool, led to the unconscious remapping of far space into the 

representation of near space. The laser-pointer, on the other hand, may not extend 

the near space in the same way because it is not a concrete object. This finding has 

been interpreted as further support for both the neural distinction of coding near and 

far space, and the possible extension of peripersonal space during tool-use (Berti & 

Frassinetti, 2000). 
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Moreover, patients with cross-modal extinction following unilateral right-

hemisphere brain damage have lent additional support to the existence of 

multisensory brain regions that help update the body schema. Patients with 

extinction are able to perceive contralesional stimuli when presented to one hand 

alone, but then fail to perceive these same stimuli when presented along with another 

stimulus to the ipsilesional hand. In some patients, this is even found cross-modally, 

meaning that the patient will fail to respond to a contralesional tactile stimulus when 

concurrently presented with an ipsilesional visual stimulus. For some, this extinction 

is found only in peripersonal space, where a touch presented to the left hand will not 

be perceived when a visual stimulus is also presented on or around the right hand (di 

Pellegrino, Ladavas & Fame, 1997; Maravita, Husain, Clarke & Driver, 2001). This 

cross-modal extinction disappears when the ipsilesional visual stimulus is presented 

outside of the patient's peripersonal space, suggesting it is a deficit only affecting the 

brain regions used to encode stimuli presented on or around the body (di Pellegrino, 

Ladavas & Fame, 1997). 

In order to investigate the claims of the body schema hypothesis, researchers 

decided to look more closely at patients with extinction in relation to tool-use. 

Looking at a patient with peripersonal cross-modal extinction, Maravita, Husain, 

Clarke and Driver (2001) conducted experiments looking at whether the 

extinguished region would extend when wielding tools. The patient showed the 

typical pattern of cross-modal extinction described here prior, with the inability to 

detect a tactile stimulus presented to the left hand only when a visual stimulus was 

simultaneously presented on or around the opposite hand. However, when holding a 
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stick in each hand, a visual stimulus presented at the same distance from the patient, 

a region that was previously viewed as "far space" and thus did not cause cross-

modal extinction, now resulted in the patient's failure to respond to the left tactile 

stimulus. This has been interpreted as strong evidence for the expansion of 

peripersonal space during tool-use, for these patients are now encoding stimuli that 

were previously represented as being located in far space, as being in near space. 

Furthermore, to test the claims of the attentional reallocation hypothesis (which is 

investigated below), Fame, Serino and ',Octavos (2007) looked at cross-modal 

extinction along the entire shaft of the tool, as opposed to only the tips; they found 

that the patterns of cross-modal extinction in peripersonal space extended not only to 

the tips, but also to the shaft. These results have been corroborated by a similar study 

conducted by Bonifazi et al. (2007), together supporting the claims that tool-use 

involves an extension of the representation of peripersonal space along the entirety 

of a tool. 

The Attentional Reallocation Hypothesis 

In trying to understand how tool-use alters our representation of peripersonal 

space, Holmes and Spence (2006) have offered some opposition to the body schema 

hypothesis. They question the claims that tool-use results in the extension of 

peripersonal space along the entirety of the tool; instead, they believe that the shifts 

in peripersonal space during tool-use represent a reallocation of attentional resources 

towards the functional parts of the tool (Holmes, Calvert & Spence, 2004). This 

hypothesis posits that the center of our visual receptive field on which we base our 

perception of near and far space is shifted, not extended, along the tool. In 
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supporting these claims, Holmes, Calvert and Spence (2004) note that the initial 

studies supporting the body schema hypothesis only presented stimuli to the tips of 

the tools; thus, these findings could represent only the shifting of the individual's 

attention, and not the extension of peripersonal space along the entirety of the tool. 

In order to test the two hypotheses, stimuli must be presented at varying locations on 

the tool, and not just on the tip. 

Interestingly, exactly this was done in the cross-modal extinction 

experiments ran by Fame, Serino and Ladavas (2007) and Bonifazi et al. (2007), 

with stimuli presented along the entirety of the tool; findings from these two 

experiments support the body schema hypothesis, with results remaining the same 

across the three locations. However, Holmes Calvert and Spence (2004) ran a similar 

experiment with results supporting their attentional reallocation hypothesis. In this 

study, Holmes, Calvert and Spence (2004) used a cross-modal congruency task to 

investigate this, presenting stimuli at the base (near the hands), middle and tips of 

tools. In this task, participants were asked to discriminate between vibrotactile 

stimuli presented to either their thumb ( `upper') or forefinger ( `lower), while 

ignoring visual distractors that were randomly presented in either the upper or lower 

visual field, and on either the left or right tool. In this paradigm, congruency refers to 

trials when the visual and vibrotactile stimuli are presented at the same elevation 

(upper or lower), regardless of the side (left or right) (Holmes, Calvert & Spence, 

2004). These visual distractors were presented at three different locations on the 

tools (base, middle and tips). Finally, in order to ensure that the entirety of the tool 

was acting as a function extension of the arm, subjects were asked to push a button 
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using either the tip, shaft (middle) or handle (base) of the tool between each block of 

experiments. 

Holmes, Calvert and Spence (2004) found a cross-modal congruency effect 

for all conditions, so that incongruent visual distractions significantly interfered with 

the subjects' ability to discriminate between tactile stimuli, no matter where the 

visual distractor was located. Yet, this effect was stronger when the visual distractor 

was presented to the tool on the same side of space as the tactile stimulus, and when 

the distractor was presented near the hands. Moreover, there was a significant 

interaction between the tool the distractor was presented to and the distance it was 

presented from the body, in that the cross-modal congruency effects depended on the 

distance of the visual distractor from the hand, even when presented to the tool on 

the same side as the simultaneous tactile stimulus (Holmes, Calvert & Spence, 

2004). Thus, no matter which tool the distractor was presented to, the interference 

effects were strongest when it was presented closer to the hands, providing the 

opposite findings as Fame, Serino and Ladavas (2007) and Bonifazi et al. (2007). 

There was also a significant three-way interaction between the side of the 

distractor, the distractor's distance from the hand, and the part of the tool used to 

press the button in between experiments. This interaction showed that not only were 

the congruency effects modulated by the distractor side and distance, but that visual 

distractors presented to the tips or the handle of the tool interfered much more with 

the tactile discrimination task than when the distractor was presented in the middle, 

even if the subject was using the shaft of the tool to press the button. Holmes, 

Calvert and Spence (2004) suggest that we naturally have a preference in neural 
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representation for the joints (elbow) and distal ends (hands) of the body itself due to 

their greater importance. They suggest that the greater distraction found for the tips 

and handles of the tools, even when the middle of the tools were being manipulated, 

may represent our preference for the more "important" parts of the tool. The 

researchers also note that during their study, when the individuals were asked to 

press the button with the handle of the tool, many of them hit the tips or shafts of the 

tools into the surrounding apparatus, suggesting neglect for the currently irrelevant 

parts of the tool (Holmes, Calvert & Spence, 2004). This also further supports the 

claim that tool-use represents a shift in attentional resources. 

Having already found less of a cross-modal interference when visual 

distractors were presented to the shaft of tools (Holmes, Calvert & Spence, 2004), 

Holmes et al. (2008) later looked at the neural correlates of tool-use in order to 

further investigate the attentional reallocation hypothesis. They suggest that if people 

are orienting their attention towards the functional parts of tools, such as the tips, 
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Figure 6. The experimental design of Holmes et al.'s (2008) fMRI 

study looking at activity in the occipital lobe during a cross-modal 
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then a corresponding enhanced processing of visual stimuli presented at these parts 

of the tools should be present, along with a possible suppression of the processing of 

visual stimuli presented elsewhere (Holmes et al., 2008). In order to test this 

hypothesis they had subjects perform a tactile discrimination task with a tool in only 

one hand, while presented with visual distracters inside an fMRI scanner (see Figure 

6). By using only one tool, the researchers aimed to investigate whether using a tool 

on only one side would result in significant differences in the processing of visual 

information on that same side. If it does this, and not for the opposite side, then it 

would suggest that there is a clear shift in attentional resources towards the 

functional side (Holmes et al., 2008). 

In this study, the tactile stimuli were either a continuous or a pulsed vibration 

and were presented to the tips of the tools. Subjects were asked to respond by 

pressing a button with their free hand. The visual distractors were also varied by 

continuous versus pulsing lights, making congruent trials those when both the tactile 

and visual stimuli were presented continuously or in a pulsating pattern. They 

hypothesized that if we shift our attention towards the functional parts of a tool, then 

visual stimuli presented near the tip of the tool should result in concurrent activation 

of the retinotopic portions of the occipital visual cortex because this area is being 

attended to. On the other hand, visual stimuli presented in this same area while the 

tool is located elsewhere should not result in this increase in activation because the 

area without the tool is not being attended to. Finally, they suggest if the subjects are 

able to completely ignore the distracting visual stimuli, then there should be no 
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cross-modal congruency effects and no effect of tool-location on activity within the 

occipital cortex (Holmes et al., 2008). 

The results of this study supported Holmes et al.'s (2008) hypotheses. There 

were significantly greater levels of activity in the contralateral occipital cortex when 

the visual stimuli were presented around the tip of the tool, on the side that it was 

being used. Therefore, there was a significant effect of tool-side on the activation of 

the occipital cortex, in that more activation was found when the visual stimuli were 

presented on the same side as the functional tool; this supports the notion that tool-

use results in a shifting of attentional resources towards the tool. They even found a 

decrease in activity in the ipsilateral occipital lobe when the tool was being used on 

the same side as the visual distractor, further backing the idea of a reallocation of 

attentional resources (Holmes et al., 2008). Finally, in another study Holmes, Calvert 

and Spence (2007) note the difficulty of separating attentional reallocation with the 

expansion of peripersonal space due to a number of remaining methodological 

questions and a general need for more research. 

Tactile Temporal Ordering Judgments and Tool-Use 

As mentioned here prior, we intend to apply these two competing hypotheses 

to the paradigm established by Yamamoto and Kitazawa's (2001b) extension of 

tactile temporal ordering judgment tasks to tools. In their research of tactile temporal 

ordering judgments without tools, Yamamoto and Kitazawa (2001a) found that 

subjects often misreported which hand felt the stimulus first when their hands were 

crossed and the stimuli were presented at relatively short intervals apart (<300 ms). 

As established, tactile temporal ordering judgments with tools require subjects to sit 
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with a tool in each hand and their hands stretched out on a table, while a vibrotactile 

stimulus is presented at varying intervals to the tip of one tool and then the other. 

Subjects must report which tool was first presented with the stimulus in four 

different conditions: hands crossed with tools uncrossed, tools crossed with the 

hands uncrossed, both the hands and tools crossed, and both the hands and tools 

uncrossed. A number of interesting patterns appeared in Yamamoto and Kitazawa's 

(2001b) study, in which subjects were asked to respond by pressing a lever with the 

tool that they believed to have been stimulated first. First of all, subjects responded 

accurately when both their hands and their tools were uncrossed, even at intervals as 

short as 100 milliseconds. This result, while somewhat expected, shows that we are 

able to refer sensations felt at the tips of tools to our hands. When the subjects 

crossed their hands but not their tools, Yamamoto and Kitazawa (2001b) found a 

clear decrease in performance, with even higher rates of misreporting at intervals 

between 100 and 400 milliseconds (see Figure 4). Yamamoto and Kitazawa (2001b) 

report that these findings were comparable to those of the hands-crossed condition 

without tools in their previous experiments. 

Moreover, when the subjects crossed their tools but not their hands, 

Yamamoto and Kitazawa (2001b) again found an increase in error rates at shorter 

intervals (see Figure 4). Thus, even when their hands were on the correct side of 

external space, the subjects would misreport which tool had been presented with a 

stimulus first when only the tools were crossed. Yamamoto and Kitazawa (2001b) 

interpreted this as further evidence for the incorporation of tools into the body 

schema, because they found that even just crossing the tools and not the hands can 
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result in the reversal of subjective temporal ordering. Finally, Yamamoto and 

Kitazawa (2001b) found that subjects' performance returned to normal — meaning 

accurate responses — when they had both their hands and tools crossed (see Figure 

4). In all, Yamamoto and Kitazawa (2001b) suggest that the decrease in performance 

followed by the subsequent recovery of accurate responses represents the fact that 

sensation is in fact felt at the tip of the tool and not just at the hands, for otherwise 

the location of the tool would be irrelevant. In addition, it is important to note that 

Yamamoto and Kitazawa (2001b) asked subjects to close their eyes for their tactile 

temporal ordering judgment task with tools. This was the first time that anyone had 

shown a referral of sensory information from tools to hands without a visual 

component. Yamamoto and Kitazawa suggest, therefore, that this experimental 

paradigm may be useful for better understanding how our brains integrate tools into 

this ever-changing representation of our spatial surroundings. 

' Similar results were found in a later study conducted by Yamamoto, 

Moizumi and Kitazawa (2005). First, Yamamoto, Moizumi and Kitazawa (2005) had 

subjects perform a tactile TOJ task with straight tools, like Yamamoto and Kitazawa 

(2001b), to see if they replicated the past pattern of results. Like Yamamoto and 

Kitazawa (2001b), Yamamoto, Moizumi and Kitazawa (2005) found that 

performance levels decreased when the subjects hands were crossed but tools were 

uncrossed, and remained relatively low when the subjects tools were crossed but 

their hands were uncrossed. Additionally, the experimenters once again found that 

performance in the hands and tools crossed condition returned to levels comparable 

to those of the both hands and tools uncrossed (see Figure 7). 
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Figure 7. Yamamoto, Moizumi & Kitazawa (2005) replicate the findings of 

Yamamoto and Kitazawa (2001b), in which performance on tactile TOJ 

tasks with straight sticks decreases in the hands crossed, tools uncrossed 

condition (b) and the hands uncrossed, tools crossed condition (c). 

Performance with the hands and tools crossed (d) returns to levels 

comparable to the control, with the hands and tools uncrossed (a). 

Next, Yamamoto, Moizumi and Kitazawa (2005) asked subjects to perform the 

same tactile TOJ task, but using L-shaped tools instead of straight sticks. The 

experimenters elected to use non-straight tools under the assumption that we all have 

a fair amount of practice in using straight tools, and thus, they could diminish the 

possible effects of practice or previous experience. First, subjects were tested in two 

experimental conditions: hands uncrossed with tools double-crossed, and hands 

crossed with tools double-crossed (see Figure 8). The findings showed that 

performance was not affected by the double-crossing of the tools when the subjects' 

hands were uncrossed (see Figure 8A), but did find a decrease in performance when 
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the subjects arms were crossed and the L-shaped tools were double-crossed (see 

Figure 8B). The experimenters argue that this may suggest a referral of 

somatosensory information to the tips of tools, but also acknowledge that such a 

pattern of results may only be a factor of the hands being crossed. 

A 
	

B 

Figure 8. Graphs showing that subjects perform well when their arms are 

uncrossed and the L-shaped tools are double crossed (a), but then performance 

drops when the arms are crossed and the tools are double crossed (b) 

(Yamamoto, Moizumi & Kitazawa, 2005). 

In order to determine whether performance would be affected by the number 

times the L-shaped tools were crossed, Yamamoto, Moizumi and Kitazawa (2005) 

next had subjects perform the same tactile TOJ task with their hands crossed and 

their tools either crossed once or twice (see Figure 9). Results showed that 

performance decreased when the L-shaped tools were crossed twice with the hands 

crossed (see Figure 9B), but did not decrease when the L-shaped tools were crossed 

only once with the hands uncrossed (see Figure 9A). Thus, Yamamoto, Moizumi and 

Kitazawa (2005) found that performance depended on the location of the tip of the 

tool relative to the hand holding it; interestingly, accuracy did not decrease when the 

subjects hands were crossed and the tools were crossed only once (see Figure 9A), as 

it did when the hands were crossed and the tools double-crossed. Thus, performance 
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decreased when the tips of the L-shaped tools were located in the hemispace 

ipsilateral to the location of the hand, and thus to the location that the hand typically 

is located (right hand in the right side of space). Yamamoto, Moizumi and Kitazawa 

(2005) suggest that this is further evidence for the referral of sensory information to 

the tips of tools, including presumably unfamiliar tools. 

B 
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Figure 9. Performance on tactile temporal ordering judgments with L-shaped 

tools when the subjects' hands were crossed, with the tools either crossed once 

(A) or twice (B). Performance depended on the location of the tips of the tools, 

with performance decreasing when the arms are crossed and the tips of the tools 

are on the same side as the hands, but maintaining accuracy when the tips of the 

tools were in the hemispace opposite of the hand (Yamamoto, Moizumi & 

Kitazawa, 2005). 

Finally, Yamamoto, Moizumi and Kitazawa (2005) wondered whether it was 

the physical crossing of the tools that created this decrease in performance, or 

whether a similar pattern of results would be found by simply having the tips of the 

L-shaped tools occupy the opposite hemispace without any physical crossing (see 

Figure 10). Interestingly, results showed that performance did in fact decrease when 

the subjects hands were uncrossed with the tips of the tools in the hemispace 

contralateral to the anatomical side of the hand holding the tool (see Figure 10A). 

Yet, when the subjects hands were crossed and the tips of the tools occupied the 
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hemispace ipsilateral to the anatomical side of the hand holding the tool, 

performance was relatively unaffected (see Figure 10B). Thus, the experimenters 

concluded that performance depended on the location of the tip of the tool, 

regardless of whether or not the tools were physically crossed. 

Figure 10. Performance on tactile temporal ordering judgments with L-shaped 

tools, looking at the effects of physically crossing the tools. Results showed 

that the tools did not need to be physically crossed to find a decrease in 

performance when the tips of the tools located the hemispace contralateral to 

the anatomical side of the hand holding the tool (A). Figure 10 B shows only a 

slight change in performance when the subjects' hands were crossed with the 

tips of the tools occupying the opposite hemispace. 

In all, these findings lend further support to the idea that the somatosensation can be 

referred to the tips of tools, and that their location in space can alter our performance 

on tactile temporal ordering judgments. 

It is important to note, however, a number of experimental differences 

between the studies ran by Yamamoto and Kitazawa (2001b) and Yamamoto, 

Moizumi, and Kitazawa (2005). Unlike in Yamamoto and Kitazawa (2001b), 

subjects in the later experiment were asked to keep their eyes open and fixated on a 

target located between the tips of the two tools. In addition, while subjects in 
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Yamamoto and Kitazawa (2001b) responded by using their tools to press down on a 

corresponding lever, in Yamamoto, Moizumi and Kitazawa's (2005) study, subjects 

responded using foot pedals. The experimenters cite two reasons for this change: 

they wanted a closer analysis of response time difference, and it would be physically 

challenging to respond with L-shaped tools, particularly with multiple crossings. 

Yet, in all, the findings from both Yamamoto & Kitazawa (2001b) and Yamamoto, 

Moizumi and Kitazawa (2005) suggest that the location of the tip of the tool, be it 

straight or L-shaped, has an effect on subject performance in tactile temporal 

ordering judgments. 

The Current Study 

In the current study, we set out with the goal of understanding how our brains 

represent tool use. Do we incorporate tools into our representation of the body 

schema? Or do we just reallocate our attentional resources towards the functional 

tips of the tool? In order to investigate the validity of these two hypotheses, we hope 

to use the tactile temporal ordering judgment (TOJ) with tools paradigm employed 

by Yamamoto and Kitazawa (2001b) and Yamamoto, Moizumi & Kitazawa (2005), 

along with transcranial magnetic stimulation (TMS). TMS allows for brief 

alterations of cortical activity in specific, localized regions of the brain. Through the 

use of a rapidly changing magnetic field, TMS sends an electrical current through 

the brain that can either inhibit or excite the neurons (Gazzaniga, Ivry & Mangun, 

2009). At low frequencies (less than 1 Hz), TMS has been found to inhibit 

excitability in the motor cortex (Chen et al., 1997), and to disrupt tactile perception 

when applied over the somatosensory cortex (Knecht et al., 2003). The exact 
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mechanisms of how TMS works are not very well understood, but the inhibitory 

effects of low-frequency TMS are rather robust findings. Moreover, the duration of 

effects following TMS have been shown to be a direct function of the duration the 

participant received TMS, with longer TMS sessions resulting in longer lasting 

effects (Knecht et al., 2003). Thus, by applying TMS to areas of the brain that are 

known to be involved either in one's conception of the body schema or the allocation 

of attentional resources during a tactile TOJ task, any apparent difference in 

performance should help determine then neural mechanisms at play in tool-use. 

Yet, before we could test the validity of the two hypotheses, we needed to 

ensure that Yamamoto and Kitazawa's (2001b) results could be replicated. Thus, 

performance on a tactile TOJ task needs to depend on the location of the tools, and 

not only the location of the hands. If we were to find that performance on tactile TOJ 

did not rely on tool location, then we would be unable to apply TMS to this 

paradigm. The four experiments presented below represent our attempts to replicate 

these findings. 

Experiment 1— Tactile TOJ with Tools, Response with Foot-Pedals 

Methods: 

Subjects: 

Subjects were all undergraduate students at either Haverford or Bryn Mawr 

College in Pennsylvania. Of the participants in Experiment 1, there were three males 

and nine females (n=12), with an age range of 18-20 years old (M = 18.5). All of the 

subjects were right handed. Subjects were recruited from a pool of Introduction to 

Psychology students through experimetrix.com, and were rewarded credit for 
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participation. All of the experiments in this paper were approved by the Institutional 

Review Board of Haverford College, and all subjects read and signed an informed 

consent form before further testing. 

Apparatus: 

Subjects were tested on the fifth floor of Sharpless in the INSC. Subjects 

were then seated in a chair with a table in front of them, facing a computer screen 

and with their feet resting on two foot pedals. They were then asked to hold a 

wooden tool (backscratcher), which was 13 inches long from tip to handle, in each 

hand. Attached to the tip of each tool was a vibrotactile stimulator, which was 

connected to a laptop running E-Prime. 

Procedure: 

In this and all other experiments, subjects were presented with a tactile 

stimulus to each tool (one tool and then the other) at varying time intervals. Subjects 

were asked to respond as to which tool was stimulated first by lifting their 

corresponding foot off of a pedal (e.g., a left-tool stimulation first corresponds to a 

left-foot response, regardless of the position of the hands or tools). Each trial 

consisted of four blocks: (1) both hands and tools uncrossed, (2) hands crossed with 

tools uncrossed, (3) hands uncrossed with tools crossed, and (4) both hands and tools 

crossed. Before each block, the experimenter helped arrange the subjects' hands and 

tools accordingly. Foam pads were added under the subjects' hands as desired for 

comfort, and additional foam was placed between the two tools when crossed so as 

to avoid any transference of the stimuli. Finally, the subjects were asked to keep 

their eyes closed during each trial block, and were informed that they make take a 
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rest between trial blocks if so desired. All of these instructions were repeated 

between at the beginning of each new block. Twelve versions of the experiment 

were created, so that half of the trials began with block 1 (both hands and tools 

uncrossed) and the other half began with block 2 (hands crossed with tools 

uncrossed). The order of the non-initial blocks were then counterbalanced across 

subjects. Within each block, 12 inter-stimulus intervals (ISIs) ranging from 5 to 750 

milliseconds were presented once to the right tool first and once to the left, for a total 

of 24 intervals across sides, all of which were presented in a randomized order. This 

was then repeated seven times, for a total of 168 trials per block. 

In order to accustom the subjects to the task, and to ensure that everything 

was working properly, subjects were also first given a short practice trial in which a 

vibrotactile stimulus was presented to only one tool at a time. The practice trial 

consisted of ten unilateral stimuli, and subjects were asked to lift the foot pedal that 

corresponded to the tool that was presented with the stimulus. Then the experimenter 

instructed the subjects to determine which tool was presented with the stimulus first 

and asked to respond using the foot pedals — so, if the stimulus was first presented to 

the right tool, the subject would lift the right foot pedal, and vice-versa. Subjects 

were asked to respond as accurately as possible, and not to worry about the speed of 

their response. 

Results: 

As can be seen in Figure 11, results from Experiment 1 did not coincide with 

the findings from Yamamoto and Kitazawa (2001b) or Yamamoto, Moizumi and 

Kitazawa (2005). In their experiments, they found an effect of tool-crossing, 
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meaning that performance with the hands uncrossed and tools crossed was similar to 

performance when the hands were crossed and the tools were uncrossed. However, 

Figure 11 shows a different pattern of results. Here, performance in the hands 

uncrossed, tools crossed condition was similar to that of the hands and crossed 

condition, while performance in both the hands crossed, tools uncrossed and the 

hands and tools crossed conditions decreased comparatively. 

Graph of Performance in Experiment 1 

Figure 11. Response data collapsed over all subjects in Experiment 1. The X-

axis represents the various inter-stimulus intervals (ISIs), while the Y-axis 

shows the number of times a subject answered left (0) or right (1). On the Y-

axis, .5 denotes performance that is at chance. A response of "1" on the right 

side of the graph denotes an accurate response, meaning the subject answered 

"right" when the right hand was stimulated first; on the left side, a "0" marks an 

accurate response, meaning the subject correctly responded "left" when the left 

hand was stimulated first. As can be seen here, performance with the hands 

uncrossed and tools crossed (red) is similar to that of the hands and tools 

uncrossed condition (purple). In addition, performance in the hands and tools 

crossed condition (blue) is similar to that of the hands crossed, tools uncrossed 

condition (red), both of which show decreases in performance levels from the 
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previous two. These findings do not coincide with those of Yamamoto & 

Kitazawa (2001b). 

Thus, our results show no effect of tool crossing. As can be seen above, 

accuracy levels for the hands uncrossed, tools crossed condition are similar to those 

of the hands and tools uncrossed conditions. There was, however, a clear effect of 

hand crossing, with performance levels clearly dropping from those of the hands and 

tools uncrossed condition. Moreover, performance levels did not return to normal in 

the hands and tools crossed conditions, contrary to the findings of Yamamoto and 

Kitazawa (2001b). Therefore, results from Experiment 1 seem to show an effect of 

crossing one's hands, and not of crossing one's tools. Since our results did not 

replicate the findings of Yamamoto and Kitazawa (2001b), our next steps were to 

ensure that the subjects were actually representing the tools and functional objects. 

In Experiment 2, we added a short tool-practice section in hopes of increasing the 

likelihood that the tools are actually being represented in the body schema. 

Experiment 2 — Response with Foot Pedals, with Tool Practice 

Subjects: 

Participants included 9 Haverford and Bryn Mawr undergraduate students 

recruited from experimetrix.com, who had not participated in Experiment 1. 12 

subjects were originally tested, but data from 3 subjects who consistently performed 

at chance in all conditions were excluded. Thus, participants included 5 males and 4 

females, and 6 of the subjects were right-handed. Ages ranged from 18-20 years old 

(M = 19.1) 

Procedure: 
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Since we did not replicate the findings of Yamamoto and Kitazawa (2001b) 

in Experiment 1, in Experiment 2 we decided to add a tool-practice trial, to make 

sure that the subjects were actually representing the tools as such. In Experiment 2, 

the set-up of the lab and trial blocks remained the same as in Experiment 1. Subjects 

were once again asked to respond with foot pedals, lifting their foot off of the pedal 

that corresponds to the tool that was presented with the stimulus first. However, in 

this experiment, before each block the subjects were given a one-minute tool 

practice session in which they were asked to use the two tools to pick up a small ball 

and move it to a circle, as marked by a roll of tape, place in the center of the table in 

front of them. Importantly, the subjects were asked to complete this task while 

keeping their hands and tools in the particular configuration of the given block. After 

each successful placement of the ball in the circle, the experimenter placed the ball 

somewhere randomly on the table and asked them to do it again. The experimenter 

counted the number of times that the subject successfully placed the ball in the circle 

during the block, so as to motivate the subject to try his or her best. Finally, subjects 

were once again reminded before each block to respond as accurately as possible and 

asked to keep their eyes closed for the duration of each block. 

Results: 

Graph of Performance in Experiment 2 
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Figure 12. Once again, subject performance with the hands uncrossed and tools 

crossed (green) is similar to that of the hands and tools uncrossed condition 

(purple). In addition, performance in the hands and tools crossed condition 

(blue) is similar to that of the hands crossed, tools uncrossed condition (red). 

Both of the latter conditions show decreases in performance levels compared to 

the previous two. These findings do not coincide with those of Yamamoto & 

Kitazawa (2001b). 

Results from Experiment 2 again showed no effect of tool-crossing on 

performance, and a strong effect of hand-crossing. As can be seen in Figure 12, 

subject performance in the hands uncrossed, tools crossed condition was comparable 

to that of the hands and tools uncrossed condition. In addition, performance in both 

the hands and tools crossed and the hands crossed, tools uncrossed conditions 

decreased comparatively. One again, these findings did not replicate the tool-effect 

found in Yamamoto and Kitazawa (2001b) and Yamamoto, Moizumi and 

Kitazawa's (2005) studies. 

Experiment 3 — Response with Tools 

Methods: 

Subjects: 

Subjects included 6 males and 6 females (n=12), most of which were 

recruited from Haverford and Bryn Mawr College's Introductory Psychology course. 

12 subjects were originally tested, but 3 consistently performed at chance across all 

conditions, and so their data was excluded from our analysis. Again, all subjects had 

not participated in the past experiments. Four subjects were recruited through word 
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of mouth, and were compensated with $10. All subjects were right handed, and ages 

ranges from 18 to 33 years old (M = 20.91). 

Apparatus: 

Experiment 3 was a direct replication of Experiments 1 and 2, except that 

subjects were instructed to respond by using the tools to press one of two pedals that 

were placed at arms reach away from them. The levers were attached to hinges that 

allowed them to be angled so as to accommodate for the various configurations of 

the hands and tools. The board that held the levers was able to shift closer and 

further away from the subject, so as to ensure that he or she was comfortable. The 

tips of the tools were secured onto to levers using a rubber band, so as to ensure that 

they did not slip while the subjects' eyes were closed. The two levers were on 

average 14 inches apart, and could be inverted depending on the condition, so as to 

make pushing them easier for the subjects when the tools were crossed. Responses 

were made by moving the tool forward to push the pedal. 

Procedure: 

Again, Experiment 3 followed the same procedure as Experiments 1 and 2, 

except subjects were instructed to use the tool that was stimulated first to press the 

corresponding pedal. Before each new block the experimenter altered the 

configuration of the subjects' hands and tools, and moved the levers accordingly. 

The subject was then reminded to answer as accurately as possible and to keep their 

eyes closed for the duration of each block. 
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Results: 

Graph of Performance in Experiment 3 

Figure 13. Results from Experiment 3 showed a pattern of results similar to 

those found in Experiments 1 and 2. Compared to the hands and tools uncrossed 

condition (purple), subject performance decreased in both the hands crossed, 

tools uncrossed condition (red) and the hands and tools crossed condition (blue). 

Performance in the hands uncrossed, tools crossed conditions (green) was 

comparable to that of the hands and tools uncrossed conditions. Again, 

performance seems to depend on hand location, and not tool location. 

Results from Experiment 3 (see Figure 13) once again show that subject 

performance depends on hand location and not tool location. Performance 

decreases when the subjects' hands are crossed but the tools are uncrossed, as 

compared to when both the hands and tools are uncrossed. There was no visible 

decrease in performance, however, when the subjects hands were uncrossed and 

the tools were uncrossed, suggesting that performance is not affected by the 

crossing of the tools. In addition, subjects performed similarly in the hands and 

tools crossed condition as they did in the hands crossed, tools uncrossed condition. 
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Thus, performance decreased in conditions with the arms crossed, but not when the 

tools were crossed with the hands uncrossed. 

Experiment 4 — Response with Tools, Eyes Open 

Methods: 

Subjects: 

We tested 8 males and 4 females (n=12), with an age range of 18-22 (M = 

19.2 years). Participants were either recruited from Haverford and Bryn Mawr 

Colleges' Introductory Psychology class pool and received credit for participation, 

or they were recruited through word of mouth and compensated with $10. Of the 12 

subjects, 11 of them were right-handed. All subjects signed an informed consent 

form before participating. 

Apparatus: 

While the set-up of the tools and levers remained the same as in Experiment 

3, a few changes were made to the apparatus. Due to the concern that subjects may 

have previously had difficulty detecting the stimuli, an amplifier was attached to the 

stimulators to increase in the intensity. Also, less resistant springs were put into the 

levers in order to make pressing them somewhat easier. Everything else remained 

the same from Experiment 3. 

Procedure: 

Experiment 4 was conducted in the same way as Experiment 3, except that 

the subjects were asked to keep their eyes open and fixated on a point straight ahead. 

Before each block, the experimenter arranged the subjects' hands and tools 

accordingly, and reminded them to respond as accurately as possible. Foam pads 
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were placed as needed for the subjects' comfort, and were placed between the tools 

on tool-crossing blocks to avoid the transmission of stimuli. Subjects were informed 

that they could take a break between blocks if they wished. 

Results: 

In Experiment 4, performance once again depended on the location of one's 

hands and not the location of the tools. Accuracy levels in the hands crossed, tools 

uncrossed condition were comparable to those of the hands and tools uncrossed 

condition. Performance decreased when the subjects' hands were crossed and the 

tools were uncrossed, and remained poor when the hands and tools were both 

crossed. Unlike past findings, our results show no effect of tool position on 

performance. 

Graph of Performance on Experiment 4 

Figure 14. Results from Experiment 4 showed that performance in the hands 

uncrossed, tools crossed condition (green) was similar to that in the hands and 

tools uncrossed condition (purple). In addition, performance decreased 

comparatively in both the hands crossed, tools uncrossed condition (red) and the 

hands and tools crossed condition (blue). Once again, performance depends on the 

location of one's hands and not the tools. 
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In order to increase the power of our results, and for to make any future 

analyses more comprehensible, two repeated measures ANOVAs were run to find 

any differences between Experiments 1 and 2, and Experiments 3 and 4. If there 

were no significant differences, then we would be able to combine the data from 

Experiments 1 and 2 as "foot response" data, and results from 3 and 4 as "tool 

response" data. The within-subjects variables were the side that the stimulus was 

presented to first (left or right) and ISI. For ease of analysis, the 12 interstimulus 

intervals (ISIs) were binned into four groups: 5-30 ms, 40-75 ms, 100-200 ms, and 

300-750 ms. The between-subjects factors were hand position (crossed or 

uncrossed), tool position (crossed or uncrossed), experiment (1 or 2; 3 or 4) and sex. 

In all analyses completed, when the assumption of sphericity was violated, 

Greenhouse-Geiser corrected results are reported. Any data point with a response 

time longer than five seconds was removed from analysis. 

Results from the ANOVA including data from Experiments 1 and 2 show a 

significant main effect of hand position, with performance decreasing when the 

hands were crossed (M = .67, SD = .042) compared to when the hands were 

uncrossed (M = .815, SD = .031) (F(1, 17) = 12.627, p = .002). This coincides with 

the information from Figures 11 and 12, showing that performance was dependent 

on hand location, with accuracy decreasing when the arms were crossed. There was 

not, however, a significant effect of tool position, with performance remaining 

relatively the same when the tools were crossed (M = .748, SD = .035) and uncrossed 

(M = .737, SD = .029) (F(1, 17) = .315, p = .582). Again, these results suggest that 

performance did not depend on the location of one's tools, with accuracy levels 
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remaining comparable to one another when the tools were both crossed and 

uncrossed. Finally, there was no significant effect of experiment as a between-

subjects factor (F(1, 17) = .047, p = .83), and no experiment interactions. Since 

experiment as a factor yielded no significant effects or interactions, we can assume 

that there were no experimental differences between Experiments 1 and 2. Thus, 

from now on data from all subjects in Experiments 1 and 2 will be collapsed together 

in all future analyses. 

Another mixed factorial ANOVA was run with the same factors as above, 

looking at the data from Experiments 3 and 4. Again, results showed a significant 

main effect of hands position, with performance decreasing when subjects' hands 

were crossed (M = .705, SD = .031) as compared to when their hands were uncrossed 

(M = .853, SD = .013) (F(1, 20) = 25.14, p < .001). There was not, however, a 

significant effect of tool position, with performance remaining relatively similar 

when the subjects tools were crossed (M = .797, SD = .026) and uncrossed (M = 

.761, SD = .017) (F(1, 20) = 2.325, p = .108). Thus, performance in Experiments 3 

and 4 still depended on the location of the subjects' hands and not the tools. As for 

any differences between the experiments, results showed no main effect of 

experiment (F(1, 20) = .005, p = .942), nor any experiment interactions. Therefore, 

all future analyses will combine data from Experiments 3 and 4 as "tool response" 

data. 

A mixed factorial ANOVA was run, looking at data across all four 

experiments with the within-subjects factors of side (left or right), hand position 

(crossed or uncrossed), tool position, and ISI. The between-subjects factors were sex 



Fiddes 44 

and response type (i.e., data from Experiments 1 and 2 were foot-response, and data 

from Experiments 3 and 4 were tool-response). Results showed a significant main 

effect of hand position, with performance decreasing when the subjects' hands were 

crossed (M = .674, SD = .025), as compared to when their hands were uncrossed (M 

= .831, SD = .015) (F(1, 41) = 43.62, p < .001). This shows that subject accuracy 

decreased when their hands were crossed, regardless of the positioning of the tools. 

There was also a significant effect of ISI (F(1.55, 63.72) = 96.181, p < .001), simply 

showing that performance decreased in the shorter ISIs, and an interaction between 

ISI and hand position (F(2.16, 88.34) = 8.698, p < .001). However, there was no 

significant main effect of tool position, with similar accuracy levels when the tools 

were crossed (M = .76, SD = .021) and uncrossed (M = .744, SD = .015) (F(1, 41) 

1.454, p = .234). Just as we found in the separate analyses presented before, subject 

performance across all four experiments depended on hand position, but not tool 

position. 

However, is important to note that ANOVAs use a general linear model, 

which tries to fit any given data to a straight line. Now, as can clearly be seen from 

Figures 11-14, our data is not linear in nature. This could have something to do with 

our lack of significant sex differences. Thus, our data was fit to a psychometric 

curve, a form of analysis that better fits non-linear data. Since ANOVAs less 

nuanced to analyze non-linear data, these curves were analyzed using Monte Carlo 

simulations. This program takes all the data points from two curves and randomly 

simulates two possible curves that could be made from the given data. These 

permutations are then repeated 5,000 times. Then, the difference between the slopes 
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and thresholds of the given curves are compared to all the possible differences from 

the randomly generated curves to see if there are any instances in which the 

differences between the given curves are more dissimilar than the differences 

between the random permutations. The p-value, therefore, represents the likelihood 

that the randomly generated data will produce two curves that have a larger slope 

difference than the given curves. Thus, the p-value signifies the likelihood that the 

slope and threshold differences in the given curves were produced by chance. Here, 

the slope of the line represents subject accuracy and the threshold (meaning where 

the curve crosses the X-axis) marks any biases in response (i.e., subject is more or 

less likely to answer "left" across all responses). Since none of our graphs show any 

significant biases in threshold, we will be focusing on the slopes of the lines. 

Having found that subject performance depends on hand location and not on 

tool location across all experimental conditions, our next steps were to look more 

closely at the between-subjects factors that may have been affecting performance. In 

our ANOVA, performance was not affected by sex (F(1, 41) = 1.436, p = .238) or 

response type (F(1, 41) = 2.144, p = .151), nor was there an interactions between sex 

and response type (F(1, 41) = 2.295, p = .137). However, Monte Carlos looking at 

sex differences across all conditions showed that males and females actually 

performed somewhat differently in the hands and tools uncrossed condition (p = 

.011) and the hands uncrossed, tools crossed condition (p = .001) (see Figure 15). 
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(a) 
	

(b) 

Figure 15. Psychometric curve fittings showing a slight difference in 

performance between males (blue) and females (red) across all experiments in 

(a) the hands and tools uncrossed condition, and (b) the hands uncrossed, tools 

crossed condition. The top half of the Monte Carlo images show graphs similar 

to Figures 11-14. The bottom is a graphical representation of any outliers from 

the program's simulated permutations. Each dot represents the slope/threshold 

differences between two randomly generated curves. Then, it is easy to compare 

the slope and threshold differences in our curves (as marked by the large dot on 

which a line from each axis converges), to the thousands of randomly generated 

differences. The Y-axis represents the slope differences and the X-axis shows the 

threshold differences, and the color bar along the right side shows the scale of p-

values. Therefore, outliers are easily distinguishable. In the graphs above, the 

differences seem to be in the ends of the curves, meaning at the larger ISIs, 
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suggesting that males and females perform similarly at smaller ISIs but not at 

larger ones. 

While it is somewhat difficult to discern in the graphs, the Monte Carlo revealed that 

males and females performed differently in the hands uncrossed, tools crossed 

condition (see Figure 15a) and the hands and tools uncrossed condition (see Figure 

15b). A closer look reveals that the differences seem to be at the ends of the curves, 

where the ISIs are greater. This suggests that males and females perform differently 

when the stimuli are presented at intervals greater than 300ms, but perhaps differ 

less so at smaller intervals. 

Sex effects were also seen in the hands and tools crossed condition, with 

females clearly showing a decrease in performance as compared to males (p = .007) 

(see Figure 16). Here, the differences seem to be distributed across all ISIs, and not 

just confined to the larger time intervals. Finally, there were no apparent sex effects 

in performance in the hands crossed, tools uncrossed condition (p = .316), with both 

males and female performance seeming to decrease compared to all other conditions 

(see Figure 17). 
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Figure 16. Psychometric curve fittings showing a difference in 

performance between males (blue) and females (red) across all 

experiments in the hands and tools crossed condition. Female 

performance seems to decrease compared to males' in this 

condition. 

performance between males (blue) and females (red) across all 

experiments in the hands crossed, tools uncrossed condition. 

Having found these new sex differences that had not appeared in our 

ANOVAs, we wondered if other between-subject factors could have been 

influencing these findings. Seeing as the other key variable that we manipulated 

between subjects was response type, we next looked at any possible sex differences 

between those who responded with their feet versus the tools. Interestingly, these 

graphs showed that, while both males' and females' performances decrease with 
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their hands crossed, this effect is much more pronounced for females, only when 

responding with foot-pedals (see Figure 18). 
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Female Performance with Foot-Response 

Figure 18 (a). Performance for females across Experiments 1 and 2, in which 

subjects were asked to respond with their feet. Female performance in the 

hands crossed, tools uncrossed condition (red) and the hands crossed, tools 

crossed condition (blue) decreases significantly as compared to the hands and 

tools uncrossed condition (purple) and the hands uncrossed, tools crossed 

conditon (green). 

Female Performance with Tool-Response 

Figure 18 (b). Performance for females across Experiments 3 and 4, in which 

subjects were asked to respond with the tools. Compared to Figure 18a, female 

performance is far less affected by hand crossing when responding with tools. 
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Despite the lack of significance in the ANOVA that was ran before, Figure 

18 seems to show an interaction between response type, hand position and sex. 

While performance across all subjects decreased when the hands were crossed, this 

difference was much more pronounced for females when responding with foot 

pedals (see Figure 18a) as opposed to when responding with tools (see Figure 18b). 

This effect did not hold for male subjects, however, who seemed to be less impacted 

by mode of response (see Figure 19). 

—0—HanclCrossToorross 

—U—HandCrossToo&Jnc 

—t—HandUncTooiCross 

--HanclUncToolUnc 

Male Performance with Foot Pedals 

Figure 19. Performance of male subjects across Experiments 1 and 2. Unlike 

female subjects, males' performance on hands-crossed conditions does not seem 

to be as negatively affected by the use of foot-pedals. 

Seeing as Figures 18 and 19 show performance differences depending on 

subject sex and response type, we again used psychometric curve fittings and Monte 

Carlo simulations to further analyze these interactions. Male and female 

performance across all four conditions was fit to a psychometric curve based on 

response type. Figures 20-23 depict these analyses, showing performance differences 

based on sex and response type. 
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(a) 
	

(b) 

Figure 20. Psychometric curve fittings showing male (blue) versus female 

(red) performance with their hands and tools uncrossed when responding with 

(a) foot pedals and (b) tools. There is a significant difference between male 

and female performance in the hands and tools uncrossed conditions when 

responding with foot pedals (p < .001). However, this difference did not 

appear when responding with tools (p = .802). 

Interestingly, even when subjects' hands and tools were uncrossed, male and female 

performance was significantly different when responding with foot pedals (see 

Figure 20a). Again, when looking at the graph in Figure 20a, the differences in 

performance are at the ends of the curves, implying that the main differences in 

performance between sexes when responding with foot pedals are noticeable in the 

larger ISIs. And even more notably, this difference is apparent even when subjects 

hands and tools are both uncrossed. Thus, the interaction between sex and response 

type seems to not only depend on arm crossing. Female performance decreases 

compared to that of males when responding with foot pedals, even when the arms 

and tools are uncrossed. This difference between males and females was not 
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apparent, however, when responding with tools in the hands and tools uncrossed 

condition (see Figure 20b). 

This effect of foot response on female performance was also apparent in the 

hands uncrossed, tools crossed condition. While our original analyses showed that 

tool crossing did not have a significant effect on overall performance, female 

performance still decreased significantly in the hands uncrossed, tools crossed 

condition as compared to males when responding with foot pedals (see Figure 21a). 

Thus, it seems that the sex differences in performance are not only apparent when 

the subjects' arms are crossed, as suggested by Figure 18, but rather that female 

performance when responding with foot pedals actually decreases, even when their 

arms are uncrossed. Moreover, as can be seen in Figure 21b, performance in the 

(a) 
	

(b) 

Figure 21. Psychometric curve fitting of performance in the hands 

uncrossed, tools crossed condition for males (blue) and females (red) 

when responding with (a) foot pedals and (b) tools. Compared to males, 

females perform significantly worse when responding with foot pedals in 

the hands uncrossed, tools crossed condition (p < .001). Figure 21(a) 

seems to show that these differences are again most apparent at the larger 
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ISIs. Interestingly, there were also significant differences in male and 

female performance when responding with tools in the hands uncrossed, 

tools crossed condition (p = .047). A closer look at the graph actually 

shows that this difference is in the threshold, not the slope of the line. This 

means that accuracy levels between males and females are actually similar 

when using tools in the hands uncrossed, tools crossed, but males have a 

bias to respond "left." 

hands uncrossed, tools crossed condition was actually slightly significantly different 

between the two sexes when responding with tools as well. However, a closer 

analysis shows that this is actually a threshold difference in which males exhibit a 

bias towards responding with their left tool. There was no significant difference 

between the slopes, or accuracy, of males and females performance when responding 

with tools in the hands uncrossed, tools crossed. The larger difference again is in the 

negative effects of responding with foot pedals for females. 

Furthermore, in the hands crossed, tools uncrossed condition, females once 

again performed significantly worse than did males when responding with foot 

pedals. As Figures 18 and 19 also show, there is a clear effect of hand crossing on 

female performance when responding with their feet. 

(a) 
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Figure 22. Psychometric curve fitting of performance in the hands crossed, 

tools uncrossed condition for males (blue) and females (red) when responding 

with (a) foot pedals versus (b) with tools. Figure 22a shows that females 

perform significantly worse than do males with their hands crossed, tools 

uncrossed when responding with foot pedals (p < .001). On the other hand, 

Figure 22b shows a significant difference in accuracy levels, with males 

actually performing slightly worse than females when responding with tools in 

the hands crossed, tools uncrossed condition (p = .004). 

The closer analysis allowed for by the psychometric curve fittings of the sex-

related differences in the hands crossed, tools uncrossed condition reveals that, 

while females once again show a performance decrease when responding with foot 

pedals, males actually perform worse than females when responding with tools in 

this condition. Yet, Figure 22a again shows a drastic decrease in female 

performance compared to males when responding with tools. 

Finally, there were no significant differences in performance between males 

and females in the hands and tools crossed condition when responding with tools or 

feet. This suggests that the sex differences by response type are, for some reason, 

diminished when the hands and tools are both crossed. Yet, while the Monte Carlos 

show that the sex differences in the hands crossed, tools crossed conditions were not 

significant for both response types, Figure 23a shows that when responding with foot 

pedals, female performance did decrease compared to males', with this difference 

approaching significance (p = .087). This is clearly unlike Figure 23b, which shows 

that males and females performed similarly when responding with tools (p = .974). 
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Figure 23. Psychometric curve fittings showing subject performance with 

hands and tools crossed for males (blue) and females (red) when responding 

with (a) foot pedals versus (b) tools. While neither of the two sets of curves 

are significantly different, the graphs clearly show that females were more 

effected by hand and tool crossing when responding with their feet, as 

compared to when responding with their tools, or to males' performance 

across both response types. 

Thus, our results seem to show a number of interesting interactions between sex, 

response type, and possibly ISI. Across all conditions except the hands and tools 

crossed condition, female performance seems to drop drastically when responding 

with foot pedals, but less so with tools, as compared to males. As was shown in the 

ANOVA, female performance decreased drastically in the arms crossed, tools 

uncrossed and the arms crossed, tools crossed conditions when responding with foot 

pedals. This decrease did not appear when responding with tools. Yet, analyses using 

psychometric curve fittings and Monte Carlo simulations showed that this decrease 

in female performance when responding with foot pedals was apparent in the 
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following conditions: hands and tools uncrossed, hands crossed and tools crossed, 

and hands uncrossed, tools crossed. 

Discussion: 

While we set out to examine how the brain conceptualizes tools, our inability 

to replicate the findings of Yamamoto and Kitazawa (2001b) led us down a 

completely different path. What began as a quick pilot test to replicate these past 

results ended up being much more interesting than expected. In their study of tactile 

temporal ordering judgments (TOJ) with tools, Yamamoto and Kitazawa (2001b) 

found that performance decreased both in the hands crossed, tools uncrossed 

condition and the hands uncrossed, tools crossed conditions, suggesting an effect of 

both arm and tool crossing. They also found that performance in the hands and tools 

crossed condition returned to levels comparable to those of the both hands and tools 

uncrossed condition, further suggesting that the location of the tools affects 

performance. Altogether, Yamamoto and Kitazawa (2001b) interpreted these 

findings as evidence that we do, in fact, perceive tactile information at the tips of the 

tools, and not just at our hands; this suggest, according to Yamamoto and Kitazawa 

(2001b) that tools may actually become a part of our body schema. 

However, our findings across all four different experimental conditions did 

not replicate this pattern of results. Like Yamamoto and Kitazawa (2001b), we did 

find a strong effect of hand crossing on subject performance, with accuracy levels 

decreasing in the hands crossed, tools uncrossed condition, as compared to the 

"control" (hand and tools uncrossed) condition when the subjects had both their 

hands and tools straight out in front of them. On the other hand, we found no effect 
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of tool position on performance. Subject performance in the hands uncrossed, tools 

crossed condition was actually comparable to that of the hands and tools uncrossed 

condition. In addition, we did not find the return to "control" performance in the 

hands and tools crossed condition, which Yamamoto and Kitazawa (2001b) had seen 

as further evidence for the effect of tool position on accuracy levels. Instead, our 

results show that overall performance in the hands and tools crossed condition was 

similar to that of the hands crossed, tools uncrossed condition. Thus, not only did 

performance remain relatively unaffected by having the tools crossed and hands 

uncrossed, but the re-crossing of the tools while the hands were crossed still had no 

effect on subject performance. Altogether, our results show no effect of tool position 

on overall performance. This conclusion was confirmed by looking at tool and hand 

position across all four experiments, in which we found highly significant effects of 

hand position, but none of tool position. In the end, we did not find any of the tool 

effects found by Yamamoto and Kitazawa (2001b) or Yamamoto, Moizumi and 

Kitazawa (2005), two studies that currently dominate the literature on tactile TOJ 

tasks with tools. However, the findings presented here suggest a completely different 

pattern of results. 

There are a number of possible reasons as to why our findings do not 

coincide with those of the past literature. First of all, in Yamamoto and Kitazawa's 

(2001b) study, subjects responded with their tools, while in Yamamoto, Moizumi & 

Kitazawa (2005) subjects responded with their feet. Considering both of these 

methods had been used, we elected to have half of our subjects respond with their 

feet and the other half respond with their tools. Yet, performance with both response 
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types depended on hand location and not tool location, with performance decreasing 

on both conditions in which the subjects' arms were crossed (hands crossed, tools 

uncrossed and hands crossed, tools crossed), but not when the tools were crossed 

without crossing the hands. Moreover, even though we did find an effect of response 

type between males and females, subjects across all experiment-s showed large 

differences in performance dependent on hands position, but not on tool position. 

Thus, the mode of response did not affect the overall pattern of results, with 

performance decreasing when the subjects' hands were crossed, but remaining 

relatively unaffected by the crossing of the tools. 

One possible concern that we addressed in our experiments was that the 

subjects might not have been conceptualizing the tools as functional objects when 

asked to respond with foot pedals. If the subjects were not viewing the tools as such, 

then they would not be incorporated into their body schema. However, the addition 

of a tool-practice session in Experiment 2 yielded no significant differences from 

Experiment 1, in which there was no tool practice. This could suggest one of two 

things. First, it could be that subjects in both Experiments 1 and 2 actually were 

representing the tools as functional objects, and that our finding of results different 

than Yamamoto and Kitazawa (2001b) is due to some other factor. On the other 

hand, it is also possible that our subjects did not view the tools as functional objects 

in either foot-response experiment, diminishing the effects of tool crossing that have 

been found in past research. 

Experiments 3 and 4, therefore, represent our next attempt to ensure that the 

subjects were conceptualizing the tools as functional objects. By having the subjects 
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respond with the tools themselves, we assumed that the action of using the tool to 

push a pedal would cause subjects to view them as functional. Yet, we once again 

found no effect of tool crossing on performance, even when subjects were asked to 

respond with the tools themselves. Again, this could be explained by a number of 

reasons. First of all, perhaps subjects across all four experiments actually were 

representing the tools as functional objects, and some other factor is affecting our 

results. However, it equally possible that none of our subjects were viewing the tools 

as such, and that this is the reason for our lack of significant tool-crossing effects. 

Yet, why would our subjects have not been viewing the tools as functional 

objects? One factor might be the type of tool that was used. In Yamamoto and 

Kitazawa (2001b), subjects were given drumsticks as tools, and asked to use the tips 

of the sticks to press down on a lever, placed horizontally on the table. Here, the 

focus is on using only your hand to manipulate the tip of the stick to press the button. 

On the other hand, in our tool-response experiments, subjects held the tools 

somewhat higher up on the shaft than one would hold a drumstick. Then, in order to 

respond, the subjects used their whole arm to push forward on a vertical pedal. The 

movement difference here is between the manipulation of one's wrists and the 

forward movement of one's entire arm. Theoretically, these two movements could 

rely on different mechanisms, perhaps causing subjects in Yamamoto and 

Kitazawa's (2001b) study to attend more to the tips of the tools, thus viewing the 

drumsticks as functional objects; subjects in our experiments, who exhibited more of 

a "push" movement, could have been attending more to their arms and hands, for 

more movement was needed to properly manipulate the tools. If this were the case, it 
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would imply that performance on tactile temporal ordering judgments with tools do 

not actually have to depend on the tools location. Similar to the attentional 

reallocation hypothesis described earlier, it is possible that performance on this task 

depends on where the subject is focusing his or her attention. This is not to say that 

tools are never incorporated into our body schema — for the experiments presented 

here have no way of discerning between the two hypotheses — it does suggest that we 

do not necessarily incorporate tools into our body schema. Since our results show 

that performance is based on the location of one's hands, it is possible that our 

subjects were attending more to their hands than to the tools. Thus, it seems as 

though attentional resources may, in fact, play an important role in tool-use. 

One final possible tool difference is that Yamamoto and Kitazawa (2001b) 

had subjects use the drumsticks in a manner that is similar to how one typically does 

use that tool. When using a drumstick, one moves their wrists up and down, applying 

pressure to a horizontal, flat surface. This environment was replicated in Yamamoto 

and Kitazawa's (2001b) study, where subjects moved their wrists to use the tools to 

press a horizontal lever. On the other hand, the design of our tool response 

conditions did not recreate the movements one typically uses a backscratcher for; in 

our experiment, subjects pushed forward on a vertical lever, but in real life 

backscratchers are held at a vertical angle and moved up and down while one's arm 

is reached over the shoulder. These movements were not mimicked in our 

experiments, which could have possibly contributed to our subjects not viewing the 

tools as functional objects. Yet, the addition of Yamamoto, Moizumi and Kitazawa's 

(2005) findings makes this comparison more complicated, for they found an effect of 
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having the tips of one's tools in the hemispace contralateral to the anatomical side of 

the hand holding the tool, even for tools that they deemed to be unfamiliar. 

However, perhaps it is exactly the fact that the tools were unfamiliar that allowed 

subjects to view them as functional objects, for they had no previous conceptions of 

how the tool should be used. 

In addition, the fact that we had a number of significant differences 

depending on ISI may have played a role in our different findings. A comparison of 

the performance graphs from our experiment and from Yamamoto and Kitazawa's 

(2001b) experiment shows huge differences in the larger ISIs. Presumably 

performance should be good when the ISIs are relatively long (300ms or more), and 

this held true for Yamamoto and Kitazawa's (2001b) study. However, a glance at 

any of our graphs shows that subjects did not perform very well, even at the larger 

ISIs. This suggests that our subjects performed worse overall than did Yamamoto 

and Kitazawa's (2001b) subjects. However, it is somewhat unlikely, though not 

impossible, that all 45 of our subjects were worse at this task than Yamamoto and 

Kitazawa's subjects, of which there were eight. This could mean that our subjects 

simply were not paying attention during the task. All subjects were undergraduate 

students at well-respected colleges, and all were receiving compensation in some 

form (money or credit). Yet, it is possible that our subjects felt unmotivated, and 

thus were less concerned with their accuracy. This could have also impacted whether 

or not our subjects viewed the tools as functional objects. Finally, the fact that we 

did not add an amplifier until the final experiment could mean that subjects in 

experiments one through three were having trouble detecting the response, and thus 
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were guessing on some trials. This seems unlikely, however, considering that 

Experiment 4 yielded results similar to the other experiments. Either way, any future 

experiments should ensure that the stimuli are intense enough to easily detect, and 

that the subjects feel properly motivated to perform well. 

Our results also revealed stark differences in performance for males and 

females, depending on response modality. In all conditions except the hands crossed, 

tools crossed condition, females showed a significant decrease in response accuracy 

when responding with foot pedals as compared to tools. However, this effect did not 

hold true for males. Considering that females performed significantly worse when 

responding with foot pedals than tools in both the hands crossed, tools uncrossed and 

the hands crossed, tools crossed condition suggests that, compared to males, females 

are much worse at judging which hand was stimulated first when their arms are 

crossed and they are responding with foot pedals. There were no performance 

differences by sex in the hands and tools uncrossed condition when responding with 

tools, and when responding by foot pedals, females performed worse largely on the 

larger ISIs. Therefore, this finding may be a product of women being worse at tactile 

temporal ordering judgment tasks overall. Finally, while there were no significant 

differences in performance between males and females for the hands and tools 

crossed condition, the performance graphs for foot-response on this condition clearly 

show that females performed worse than males (see Figure 23a). In all, a clear 

pattern arose in which the performance of female subjects drastically decreased 

compared to males when responding with foot pedals. Moreover, it is interesting to 

note that Yamamoto and Kitazawa (2001b) report nothing about the gender 
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distribution of their subjects, while Yamamoto, Kitazawa & Moizumi (2005) 

reported 12 males and 5 females. 

These findings coincide with past research done on sex differences in spatial 

perception, including tactile TOJ tasks without tools; Cadieux, Barnett-Cowan and 

Shore (2010) found that females more frequently misreported which hand had been 

presented with a stimulus first when their hands were crossed. However, it is also 

important to note that subjects in this study responded with foot pedals, which, as we 

have seen, is more difficult for females. Yet, the sex differences apparent in 

performance may be related to move overarching differences in spatial abilities. One 

way in which males and females differ in spatial abilities is in "mental rotation" 

tasks. Mental rotation refers to the task of reconfiguring a shape in our minds; it 

relies on an ability to map one's internal cognitive processes onto the external 

rotation of an object (Linn & Peterson, 1985). Past research has consistently shown 

that females are much worse at mental rotation tasks (Linn & Peterson, 1985). When 

one's arms are crossed, therefore, participants in a tactile TOJ task must be able to 

mentally remap the location of the hand that felt the stimulus to their internal 

representation of where that arm is located in space. Therefore, females may be 

worse at mentally "uncrossing" their hands. 

Regardless of any mental remapping differences, the fact that females 

perform significantly worse at responding with foot pedals, particularly when their 

hands are crossed, suggests that females may be worse at mapping information from 

an external frame of reference to a somatotopic one (meaning based on one's body). 

As discussed earlier, the body can be represented relative to a variety of different 
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types of representations with difference frames of reference. A somatotopic frame of 

reference is dictated by our knowledge of where our left and right sides of the body 

are anatomically located. This representation is distinct from our body's relative 

location in space. On the other hand, an external frame of reference refers to location 

of our bodies and our limbs. Thus, a somatotopic frame of reference allows us to 

locate stimuli on or around our bodies, without necessarily knowing where the limb 

is located (i.e., a touch is felt on the left arm). This information is then mapped onto 

an external frame of reference, which allows us to locate the limb or body part that 

was stimulated (i.e., my left arm is actually on the right side of external space). Our 

body schema, therefore, is constantly being updated based on information from both 

somatotopic and external frames of reference. When subjects are asked to respond 

with their feet in the hands crossed conditions of a tactile TOJ task, they need to take 

information from an external frame of reference (i.e., the buzz was presented to my 

left arm, which is actually on the right side of space), and translate that information 

into an internal frame of reference (my right arm corresponds to my right foot 

pedal). For some reason, females may be more impaired at this remapping, as 

evidenced by their poor performance in the hands crossed conditions when 

responding with their feet. One possible explanation is that some participants, and 

maybe females in particular, do not actually incorporate tools into their body 

schema. If females are performing less accurately when responding with foot pedals, 

it suggests that the tool is, in fact, a part of this external frame of reference. Thus, 

while sensory information from the tips of the tools may be referred to the hands, the 
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decrease in performance when having to respond with one's feet suggests that the 

tools continue to be represented as external objects. 

These hypotheses are further supported by past findings that females rely 

much more on visual information when completing spatial tasks (Barnett-Cowan et 

al., 2010). In three of the four experimental conditions, subjects were asked to keep 

their eyes closed, which could have contributed to females' poorer performance. 

Perhaps females need the visual component to allow for the integration of tools into 

the body schema. However, in looking more closely at the effects of visual 

information, our results showed no differences between Experiments 3 and 4, where 

the only difference was that subjects in Experiment 3 had their eyes closed, and in 

Experiment 4 they were asked to fixate on a point ahead of them. Yamamoto and 

Kitazawa (2001b) had subjects close their eyes while completing the task, while 

Yamamoto, Moizumi and ICitazawa (2005) had subjects fixate their gaze on a point 

between the two tools. However, like we found in our experiments, there were no 

real performance differences between these two studies, suggesting that visual 

information might not have any effect on performance. This is interesting, 

considering the large role that visual information is known to play in one's body 

schema. As discussed in the Introduction, the body schema is constantly being 

updated with information from a number of sensory modalities, with vision being 

one of the most important. Yet, we are finding no effect of having one's eyes open or 

closed. This again could be interpreted as suggesting that tools do not, in fact, 

become incorporated into our body schema, for visual information seems to play no 

role in performance. 
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Lastly, there are some limitations to the experiments presented here that must 

be addressed. First of all, due to the nature of our subject pool, we were unable to 

ensure an equal balance of sexes in each condition. Considering the large effects of 

sex apparent here, any future research should be sure to address this. Also, as 

mentioned earlier, there were some concerns about the intensity of the stimuli that, 

unfortunately, were not addressed until the fourth experiment. It is possible that 

some subjects had trouble detecting the stimuli, which could have impacted their 

performance. And, finally, much of our data seems to vary quite a lot, with some 

people performing well across all conditions, and others performing at chance. 

While we were sure to exclude anyone from our analyses that performed at chance in 

the control (hands and tools uncrossed) condition, Yamamoto, Moizumi and 

Kitazawa (2005) excluded all data from subjects who performed at chance in any of 

the conditions. Once again, it may be that this variability was due to the low 

intensity of the stimuli, or a lack of motivation on the subjects' part. Either way, 

these are all factors that should be addressed in any future experiments. 

In the end, we are left with a number of puzzling questions. Why are our 

results so different from those of Yamamoto and Kitazawa (2001b), and what factors 

could have led to these differences? Moreover, why are females, and not males, so 

strongly affected by responded with one's feet? While our results may have left us 

with more questions than answers, they also highlight a number of fascinating 

differences in how males and females combine somatotopic and external frames of 

reference, and how tools may (or may not) be incorporated into them. And yet, our 

results also point to a completely different pattern of results than found by past 
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research on tactile temporal ordering judgments with tools, suggesting that a re-

examination of this phenomenon is needed. These findings also raise some questions 

in regard to our original hypotheses. Yamamoto and Kitazawa (2001b) had 

previously used the fact that tool crossing affect performance as evidence for what 

we have been calling the body schema hypothesis. However, our inability to 

replicate these findings complicates their conclusions. If performance depends only 

on hand position and not on the location of tools, then that may imply that the tools 

are not, in fact, incorporated into our body schema. Moreover, this may be 

particularly true for females, who appear to show greater impairments at the 

remapping of somatosensory information onto an external frame of reference. This 

further suggests that not everyone may incorporate tools into their body schema, and 

a number of factors may influence this. In all, future research may be able to use the 

tactile TOJ paradigm to better understand the multitude of results presented here. 
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Addendum: Future Experiments: 

Below are the experiments that we had initially intended to carry out in order 

to determine which hypothesis is correct as to how the brain conceptualized tools. 

The first experiment, which uses a behavioral phenomenon known as the Simon 

Effect, could still offer great insight into this question, as described below. On the 

other hand, the second experiment, a tactile temporal ordering judgment task 

experiment with transcranial magnetic stimulation (TMS), would need to be re-

examined for it relied on the successful replication of Yamamoto and Kitazawa 

(2001b), which we were unable to do. However, TMS would still be an effective 

way to gain support for one hypothesis or the other, for it would allow researchers a 

unique look at how performance various brain regions affect performance on a given 

task, be it tactile TOJs with tools or something else. 

Tool-use and the Simon Effect 

In order to test these two hypotheses we will be running two different 

experiments, both looking at tool-use. The first experiment will involve a behavioral 

task employing the Simon Effect. While originally shown with auditory stimuli 

(Simon & Rudell, 1967), the Simon Effect has been extended to the visual modality 

as well (Craft & Simon, 1970). In these studies, a red or green light is briefly shown 

on a screen in front of the subject, who is looking straight ahead at a fixation point. 

The subject is instructed to respond by pressing a button with either the left or right 

hand, depending on the color of the stimulus (i.e., red light means left hand). Even 

though this is not an explicitly spatial task, meaning that it does not matter which 

side of the screen on which the light is shown, subjects respond much more quickly 
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when the correct color light is presented on the side with the congruent button (i.e., a 

red light on the left side); their performance is significantly worse when the light and 

side are incongruent (Craft & Simon, 1970). 

However, considering that we have a unique higher-order representation of 

our bodies, researchers wondered whether the Simon Effect would hold for tactile 

stimuli presented to the hand. In a study done by Medina, Greenberg and Coslett 

(unpublished) they found that the Simon Effect held, but that the tactile stimuli were 

encoded based on their location on the body as opposed to where the body was 

located in space. In these experiments, subjects sit with their hands stretched out on a 

table and look at a fixation point straight ahead, while a high or low intensity 

vibrotactile stimulus is randomly presented to either the left or right hand. They are 

instructed to respond with foot pedals corresponding to the level of intensity (i.e., 

left foot pedal for high-intensity stimuli), regardless of the hand it is presented to. 

This task is done in two conditions: hands crossed and hands uncrossed. With their 

hands uncrossed, and even though the hand the stimulus is presented to does not 

matter for the task, subjects perform much worse when the high or low intensity 

stimulus is presented to the hand incongruent with the corresponding foot pedal 

(Medina, Greenberg & Coslett, unpublished). Moreover, when the subjects cross 

their hands this pattern maintains, so that when the high or low vibrotactile stimulus 

is presented to the hand that is congruent with the corresponding foot pedal, subjects 

respond much more quickly, despite the fact that their hand is on the incongruent 

side of external space. These results show that tactile stimuli presented to the hands 

are encoded somatotopically, meaning based on their location on the body. 
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Knowing that tactile stimuli presented to the body are encoded differently 

than are visual stimuli presented in external space, researchers next wondered what 

would happen when visual stimuli were presented on or around the body. Would 

they be encoded as visual stimuli, thus depending on their location in external space, 

or would they be encoded somatotopically? To investigate this question, Medina et 

al. (unpublished) used a paradigm similar to the previously mentioned tactile Simon 

Effect experiments, where subjects are randomly presented with a red or green light 

on or near either their left or right hand and asked to respond with a corresponding 

foot-pedal (i.e., red light means left foot). Interestingly, here we find a shift from the 

previous patterns of the visual Simon Effect; while subjects were faster at 

responding when a visual stimulus was presented on the side of external space 

congruent to the corresponding foot-pedal, now, with the visual stimuli presented 

within the peripersonal hand space, they are encoded based on the hand. Thus, 

subjects respond much more quickly when the light is presented to the hand that is 

congruent with the corresponding foot-pedal (i.e., red light to the left hand), despite 

that hand's location in external space. This suggests that even visual stimuli 

presented in the peripersonal space are encoded somatotopically (Medina, Greenberg 

& Coslett, unpublished). 

Now, in order to test the two hypotheses on the mechanisms behind tool-use, 

we will be extending the findings of the Simon Effect to tools. Considering the 

myriad of evidence suggesting that certain components of peripersonal space do 

extent to tool-use (i.e., neglect or extinction), we assume that the same will hold true 

for the Simon Effect. However, to investigate the validity of the two opposing 
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hypotheses, we will be following a paradigm similar to that employed by Fame, 

Serino and Ladavas (2007) and Bonifazi et al. (2007), by presenting the visual 

stimuli along the entirety of the tool, and not just to the tips (see Figure 24). 

Methods — Tool-use and 

the Simon Effect 

Subjects: 

Subjects will be 

recruited from a pool of 

Figure 16. The predicted outcomes of the Simon 

effect task by the two competing hypotheses 

(Holmes et al. 2004). 

undergraduate Introductory Psychology students at Haverford College. They will be 

offered credit for a class requirement for participating in our study. We hope to get 

24 subjects to participate. Age range will likely be between 18 and 22 years old. 

Considering our subject pool, the majority of subjects will probably be Caucasian, 

and hopefully we will get a mixture of males and females. All subjects should also 

be screened for color-blindness, and subsequently excused from the study if 

necessary. 

Apparatus: 

Subjects will be seated with their hands resting on a table in front of them. 

For the trial blocks with tools, they will be holding a long stick, about 12 inches in 

length, in each hand. During the uncrossed conditions, subjects' hands should remain 

8-10 inches apart, as should the base of the sticks in the tool conditions. We will be 

using a LED light display that has been programmed at the University of 

Pennsylvania to randomly project lights onto one of three locations on both the right 
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and left sides of space. For the tool conditions, the lights will be presented at the 

base of the tool (right by the hand), in the middle of the tool (6 inches from the 

hand), and at the tip of the tool. In the no-tool conditions, the lights will still be 

presented onto the hands, six inches from the hands, and then 12 inches from the 

hands. Subjects' feet will be resting on foot-pedals that are connected to a computer 

to record response time and accuracy. 

Procedure: 

Subjects will come into a lab, probably on the fourth or fifth floor of 

Sharpless in the KINSC at Haverford College, where the apparatus will already be 

set-up. All subjects must sign an informed consent form before participating in the 

study. The subjects will be instructed as to which foot they should lift off of the 

pedal for the corresponding light color (i.e., "lift your left foot when you see a red 

light and your right foot when you see a green light"). This order will be counter-

balanced, so that half of the subjects are told one combination, and half told the 

other. 

Each trial block will present the subjects with 108 lights (12 possible light 

presentations, with each presented 9 times), and should take about ten minutes. 

Before beginning, subjects will be given 18 practice trials. Each subject will sit 

through one block of four conditions: uncrossed with tools, uncrossed without tools, 

crossed with tools, and crossed without tools. Within each block, half of the trials 

will be congruent trials, meaning the correct color light will be on the same side as 

the corresponding response foot, while the other half will be incongruent (the 

corresponding light is presented on the opposite hand/tool). Finally, an equal number 
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of congruent and incongruent lights will be presented to both the left and right sides 

(Medina, dissertation). 

Analysis: 

A 2x2x3x2 within-subjects mixed ANOVA will be used to analyze our 

results. The variables will be: congruency (congruent or incongruent), tool (yes or 

no), light location (tip, shaft, base) and posture (crossed/uncrossed). We will be 

measuring the subjects' reaction times. For our analysis, congruency in the tool 

conditions will be based on a somatotopic representation, while in the non-tool 

conditions it will be based on external space. This is because we expect visual 

stimuli presented to the tools to be encoded somatotopically, meaning congruency 

will depend on the hand that is holding the tool. 

Predictions: 

For the Simon Effect experiment, if the body schema hypothesis holds true — 

meaning that we do incorporate the entirety of the tool into our body schema, thus 

extending our representation of peripersonal space — then we would not expect any 

differences in performance as the location of the visual stimuli change. Thus, the 

corresponding lights presented in all locations on the tool in the hand of the 

congruent foot pedal should result in faster response times. However, if our results 

were to follow the attentional reallocation hypothesis, then there should be response 

differences when the light is presented on the shaft of the tool, as opposed to the 

base or tips. More specifically, the lights on the base and the tips of the tool should 

be represented somatotopically, as found in Medina, Greenberg and Coslett's 

(unpublished) study, thus having the reaction time depend on the hand on which the 
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stimulus is presented. The attentional reallocation hypothesis, on the other hand, 

would suggest that stimuli presented on the shaft of the tool would not be encoded 

somatotopically, but rather would depend on their location in external space. Thus, 

subjects would respond much quicker when the light presented in the middle of the 

tool is on the side of external space corresponding to the foot pedal. Our results from 

this experiment will hopefully help illuminate whether we incorporate tools into our 

body schema or shift our attention to the functional parts of the tool. 

TMS Study -- Tool Use, TMS and Tactile Temporal Ordering Judgments 

In our second, congruent experiment, we will be using tactile temporal 

ordering judgments and repetitive transcranial magnetic stimulation (rTMS) in order 

to further test whether tool-use involves the integration of a tool into the body 

schema, or a reallocation of attentional resources towards the functional parts of a 

tool. 

Neural Correlates 

In this experiment we will be selectively "knocking-out" areas of the brain 

that are known to be involved in the mechanisms used for each of the two 

hypotheses. For the body schema hypothesis, we will be focusing on Brodmann s 

area 5 (BA5) of the posterior parietal cortex. Numerous studies have implicated this 

region in our representation of body posture. Studies in monkeys have shown that 

neurons in this area have firing patterns distinctive but related to those of the primary 

somatosensory cortex (Sakata, Takaoka, Kawarasaki & Shibutani, 1973), and that 

their firing depends on the hands' position as the monkey performs a reaching task 

(Lacquaniti et al., 1995). This area has also been shown to be active during the 
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planning of hand and foot movements (Heed et al., 2011), while a patient with a 

lesion to BA5 showed an inability to integrate various body movements into a 

coherent whole (Wolpert, Goodbody & Husain, 1998). Finally, in a recent study, 

Medina et al. (unpublished) applied TMS to BA5 during a tactile temporal ordering 

judgment, finding that the typical decrease in performance in the hands-crossed 

condition was diminished, while performance in the uncrossed condition remained 

the same. Medina et al. (unpublished) posit that this supports the body schema 

hypothesis by suggesting the importance of being able to take body posture into 

account when making tactile temporal ordering judgments when the hands are not on 

their canonical side. Since BA5 does seem to play a large role in our body posture 

representation, we will be applying TMS to this area to represent the neural 

substrates of the body schema hypothesis (Azaiion & Haggard, 2009). 

For the attentional reallocation hypothesis, we will apply TMS to the 

posterior ventral intraparietal cortex (pVIP), an area known to play a large role in the 

allocation of attentional resources to body movement and peripersonal space. In 

monkeys, neurons in this region have been shown to be driven by attention to both 

visual and tactile stimuli (Colby & Goldberg, 1999). Moreover, brain-imaging 

studies in humans have shown an increase in activity in this region during the 

shifting of attention to various visual stimuli (Corbetta et al., 2000), while patients 

with lesions the posterior parietal cortex often show neglect, which can be seen as a 

deficit of attention (Driver & Mattingley, 1998). We hypothesize that TMS to the 

pVIP will result in an inability to shift one's attentional resources during tool use 

(see Figure 25). 
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Figure 25: Image of the brain showing the parietal areas typically 

used for somatosensation (Azation & Haggard, 2009). BA 5 and 

the pVIP have been highlighted. 

Note: The study presented below relied on the successful replication of Yamamoto 

and Kitazawa's results. However, it is still included here because TMS may offer a 

unique way to see how the brain conceptualizes tool-use. 

Methods — TMS Study: 

Subjects: 

Subjects will be recruited through the University of Pennsylvania's 

participant database. All subjects will be 21 and over and have gone through prior 

screening for history of seizures or unexplained bouts of unconsciousness. Subjects 

are paid $25 per hour in the lab as compensation for their time and will have signed 

an informed consent form before participation. 

Apparatus: 

Subjects will be sitting at a table, and will be holding a 12-inch stick in each 

hand. The tips of the tools will be resting on pads that are set-up to deliver a 

vibrotactile stimulus to each tool at varying time intervals. Their feet will be resting 
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on foot pedals, and they will be instructed to lift the foot corresponding to the hand 

that received the stimulus first. For each trial we will be using an adaptive staircase 

method to find each individual's just noticeable difference in ISIs, meaning the time 

between stimulus one and stimulus two (Hairston & Maldjian, 2009). Each adaptive 

staircase trial will begin with an ISI of 500 milliseconds (ms); if subjects answer 

correctly, the computer automatically decreases the ISI to 400 ms, and so on, until 

the subject answers incorrectly. Then, the computer increases the ISI until the 

subject answers correctly, then once again decreases it until they answer incorrectly. 

The just noticeable difference will be determined after 18 jumps (meaning the ISI 

goes up and then down). Finally, within each block the individual will go through 

four separate and randomly presented staircase procedures: one ascending, one 

descending, one delivered to the right tool first and one delivered to the left tool first. 

This is to ensure that the participants are unaware of what will come next in order to 

get more accurate ISIs. 

Procedure: 

Each participant will go through two trial blocks before receiving TMS, one 

with tools uncrossed and one crossed, and two after, for a total of four trial blocks 

per subject. The order of hands crossed versus uncrossed will be counterbalanced 

across subjects. After completing the two pre-TMS blocks, subjects will then be 

randomly assigned one of three TMS conditions. One third of the participants will 

then receive TMS to BAS, which we will call the body posture area, one third will 

receive TMS to the pVIP, which we will call the attentional area. The final third will 

be put in the sham TMS condition, who will receive TMS to the temporal gyrus, an 
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area that has been shown to play no role in temporal ordering tasks. We have also 

chosen this area instead of simply faking TMS in order to increase believability. 

Subjects in all conditions will receive 20 minutes of rTMS at 1 Hz per second. After 

completing this, subjects will once again go through two trial blocks, following the 

same crossed versus uncrossed order as before for consistency. 

Analysis: 

We will analyze our results using a 2x2x3 mixed ANOVA. Our variables are 

before and after TMS, crossed and uncrossed conditions, and the three different 

TMS sites (BA5, pVIP, temporal gyrus). We will be looking at differences in 

response times between the three TMS conditions, with the most important 

information coming from the tools-crossed conditions. 

Predictions: 

The differences in performance following the TMS of these two areas will 

hopefully help determine which tool-use hypothesis is correct. If we do incorporate 

tools into our body schema, then we expect no changes after TMS is delivered to the 

pVIP. Instead, TMS to BA5 would result in findings similar to Medina et al. 

(unpublished), with no effect in the uncrossed conditions because body posture is not 

taken into account, and a disruption of performance in the tools-crossed conditions. 

On the other hand, if the attentional reallocation theory is correct, an inhibition of 

BA5 would have no effect on performance at all. However, TMS to the pVIP would 

impair participants' performance across all conditions, for a reallocation of 

attentional resources would be necessary during tool-use, independent of their 

position in space. In all, we hope that the combination of these two experiments will 
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further illuminate which hypothesis regarding tool-use is valid, and thus aid in the 

understanding of how humans manage to use such a wide-range of tools. 
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