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Abstract

Neural Correates of Hand-Tool I nteraction

Background: The recent advent of non-invasive functional magnetic resonance (fivigh has helped us
understand how visual information is processed in the visual syatehthe functional organising principles
of high-order visual areas beyond striate cortex. In particular, eviderscbeen reported for a constellation
of high-order visual areas that are highly specialised for the visaeégsing of different object domains
such as faces, bodies, and tools. A number of accounts of tedyimgl principle of functional specialisation
in high-order visual cortex propose that visual properties and objewidalrive the category selectivity of
these areas. However, recent evidence has challenged such accounts, shatvingn-visual object
properties and connectivity constraints between specialised brain netaorkis part, account for the visual
system’s functional organisation.

Methodology: Here | will use fMRI to examine how areas along the visual ventral stredrdomsal action
stream process visually presented hands and tools. These categoriegahg dissimilar but share similar
functions. By using different statistical analyses, such as univariatg gmod single-subject region of
interest (ROI) analyses, multivariate multivoxel pattern analyses, and funat@mactivity analyses, | will
investigate the topics of category-selectivity and the principles underlyingrgfamisation of high-order
visual areas in left occipitotemporal and left parietal cortex.

Principle Findings: In the first part of this thesis | report novel evidence that, similant¢@aly relevant
faces and bodies, the human high-order visual areas in left occipitotdnapd left parietal cortex houses
areas that are selective for the visual processing of human hanlks.decond part of this thesis, | show that
the visual representation of hands and tools in these areas shewaratgmical overlap and high similarity
in the response patterns to these categories. As hands and tools diffeairappearance and object domain
yet share action-related properties, the results demonstrate that these caflegtiesresponses in the
visual system reflect responses to non-visual action-related object propenig®icdo hands and tools
rather than to purely visual properties or object domain. This pitiois further supported by evidence of
selective functional connectivity patterns between hand/tool occipitotemporpheathl areas.
Conclusions/Significance: Overall these results indicate that high-order visual cortex is functionally
organised to process both visual properties and non-visual objectsiimeife.g., action-related properties).
I propose that this correspondence between hand and tool representations in ventral ‘visual’ and parietal
‘action’ areas is constrained by the necessity to connect visual object information to functionally-specif

downstream networks (e.g., frontoparietal action network) to facilitatd-t@oi action-related processing.
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Chapter 1

General introduction

The investigation of how visual information is processed and transformed fguthese of
perception has been one of the most intriguing and investigated topics itiveogauroscience.
Technical advances in the field of cognitive neuroscience, such as the introductiorirofasive
functional magnetic resonance imaging (fMRI)véagrovided important tooldo explore the
functional organisation of regions involved in visual processing. In this tHewisl| describe
several Studies (Studies 1, 2, 3, and 4) that used fMRI in healthy humans to invéstigatisual
information associated with the representations of hands and tools, as key etérntenes/olution
of humans into dextrous and social beings, are processed in the visual cortex.

The regions involved in visual processing in the human cortex extend fromvesudy
cortex (in the medial portion of the occipital lobe), anteriorly along teedbasurface of occipital
lobe and inferiorly along the ventral surface of inferior temporal lobe. Thelvystem is
organised in a hierarchical manner and different areas are differentially isgecil process
different types of information. Thus, h)erarchical organisatigrand 2)functional specialisation
are the two main principles characterising the visual system.

By means ofhierarchical organisatignvisual information is elaborated stage by stage
from low-level posterior visual areas to high-order anterior visual aaeastherefore from local
processing of elementary visual features (e.g., line orientation, contours etoabpgyocessing
of more complex visual characteristics (e.g., shape and 3D object percdptimther words, from
a succession of hierarchical steps, simple characteristics of visual stimeinsibened to produce
holistic features of objects and relationships between objects, thus givingaisient by moment
perception of the external world surrounding us.

By means offunctional specialisatignareas in the visual system are differentially
specialised to process different types of visual information. Examples of such taorfaihc

specialisation have been documented for 1) feature-selective regions (e.g., olgectvihal
14



motion, texture and colour), and 2) category-selective regions (e.g., faces, bodiemdostsds).
These functionally specialised areas are consistently found in a large majorigurological
healthy individuals within the same anatomical landmarks (for example, dutenbémporal gyrus
for visual motion processing and the fusiform gyrus for face processing). The evidencessihggest
existence of organising principles shaping such functional organisatiomeyetature of these
principles is not fully understood.

The work reported in this thesis will try to cast light on these fundahé&sues by
providing the first evidence for a newly described category-selective ardeefeisual processing
of human hands. Importantly, #n attempt to characterise the functional properties of this new
area, | will propose that findings reported in this thesis speak in favowr ‘@finctional
connectivity” between brain-networks as the principle governing functional specialisation of the
visual cortex.

Towards this aim in the first part of this general introduction, | giite an overview of the
visual systeris functional organisation. | will describe the 1) anatomical location and 2)idmal
properties of cortical areas involved at different hierarchical stagesswdl vprocessing from
retinotopically-organised early visual areas (see section 1.1), to highfeatiere-selective visual
areas (see section 1.2), through to category-selective visual areas (s@els8rtiThese sections
are necessary to familiarise the reader with the current staadfadf on the topic of “neural
correlates of perception”. They will further demonstrate that neural category-selectivity is sparse,
which demonstrates the significance of the findings in this thesis repoaiegory-selectivity for
hands.

In the second part of the introduction, | will discuss current theofi¢he basic principles
of functional organisation of the visual system in terms of 1) functional spgcidichigh-order
visual areas (i.e., why only a limited humber of object categories are welfp@iiocessed within
specialised areas?see section 1.5.1 and 1.5.2), and 2) spatial localisation of these regions in the
visual cortex (i.e., why visual areas selective for certain stimuli isitirwspecific anatomical
locations?- see section 1.5.3 and 1.5.4). This will provide the background to intdrpreovelty
of the data reported in this thesis on the topic of functional organising principtes efsual
system.

For explanatory purposes, Figure 1.1 and Figure 1.2 show a schematic representation of th

main anatomical gyri and sulci of the human brain which will be refewenh tthe text. In
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particular, these figures report parietal and occipitotemporal subdivisiooh at@ most relevant

for the purposes of this general introduction.

Parietal, occipital and temporal anatomical gyri and subdivisions
in the human brain

Superior parietal lobe (SPL)
Angual gyrus (AG)

Lateral occipitotemporal gyrus (LOTG)

Superior temporal gyrus (STG)

Medial tempor: rus (MTG)

Figure 1.1. Schematic representation of principal anatomical gyri and subdivisions of parietal, occipital and
temporal lobes in the human brain. The left hemisphere is portrayed from the lateral and the inferior Wavietal,
lateral occipitotemporal and inferior occipitotemporal anatomical gyri anegepted in separated panels.Parietal
subdivisions and gyri: superior parietal lobe (SPL), angular gyrus (AGk@ame marginal gyrus (SMGh. Lateral
occipitotemporal gyri: superior temporal gyrus (STG), medial temporal gyrus (Mi&G)nferior temporal gyrus (ITG).
c¢. Inferior occipitotemporal gyri: inferior occipital gyrus (IOG), lingual gyr(LG), lateral occipitotemporal gyrus
(LOTG), medial occipitotemporal gyrus (MOTG) and parahyppocampal gyfsis (P
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Parietal, temporal and occipital sulci in the human brain

Post central sulcus (PCS)
Intra parietal sulcus (IPS)
Superior temporal sulcus (STS)

Figure 1.2. Schematic representation of principal anatomical sulci of parietal, occipital and temporal lobesin the
human brain. The left hemisphere is portrayed from the lateaabj, medial €) and inferior @) view. Parietal, lateral
occipitotemporal and inferior occipitotemporal main sulci are representedfénedif colours. Frona to d: poscentral
sucus (PCS, orange colour codethtraparietal sulcus (IPS, yellow colour cojlesliperior temporal sulcus (STS, light
green colour codgdinferior temporal sulcus (ITS, dark green colour cQdéateral occipital sulcus (LOS, light blue
colour coded), calcarine sulcus (CS, violet colour codedydiateral sulcus (CS, purple, colour cojled

1.1. Early visual cortex (V1, V2 and V3)

The primary visual area (V1) is the first stage where visual informatmn the two eyes is
combined by single neurons. The retinal information projected to V1 is organiagidpographic
manner. That is, neighbouring regions in the visual field are majgpadjacent neurons in the
visual cortex. In neuroimaging, retinotopic maps are represented in two dimensionsattzngie
and the eccentricity (see Figure 1.3). The polar angle dimension is represented alongrthe low

upper axis where visual input from upper and lower visual fields are mappethententral and
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dorsal banks of the calcarine sulcus respectively. Similarly, left and right fieddalare projected

to the right and left hemispheres respectively, thereby creating a completa-lateral
representation of each visual field. The eccentricity dimension is represented along thergosteri
anterior axis where information from the visual field is progressivelyesgoted from fovea to
periphery. Whereas visual information projecting from the fovea in thearet represented by a
large number of neurons converging in the occipital pole of V1, a much smaller nundadis of
represent input coming from the periphery of the visual field. This effecbrtical magnification
results in: 1) greater visual acuity in f@aleegions, where neurons have very small receptive fields;
2) lower visual acuity in periphak regions, where neurons tend to have large receptive fields.
Individual neurons in V1 are also selectively tuned to single featuchsasa preference for line
orientation (Kamitani & Tong, 2005) and spatial frequency (Hallum, Landy, & Heeger).2011
According to the classical view, overlap of these single maps features eljingate rise to

selectivity for specific feature combinations (but see also, Baker & Issa, 2005).

gesssnasnssnannny

R Y

Figure 1.3. Polar angle and eccentricity maps in the human visual cortex. The visual angle maps (left side) and the
eccentricity maps (right side) are shown in the posterior portion obthbiitotemporal cortex encompassing the
following anatomical areas: fusiform gyrus (Fu), collateral sulcus (Col)calwdrine sulcus (CaS). Dashed lines show
visual maps boundaries between anatomical areas V1, V2v, V3v,\W¥4, and VO-2. VO = ventral occipital, h =
human, v = ventral. Adapted from Wandell and colleagues_2007.
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Cells in V1 project to V2, which is dividedtmtwo representations extending along the
dorsal and ventral border of V1 in both the right and left hemispheres. SimiNit,tV2 is
retinotopically organised but its receptive fields are larger sinceidldil cells receive projections
from more than one V1 neuron. Moreover, tuning properties of neurons in V2 are more complex
than neurons in V1. Indeed, in addition to being selectively tuned by specific ooiesitand
spatial frequencies, they also respond to more complex stimuli such as boundaryg suréexges
(Riesenhuber & Poggio, 1999).

Visual information is progressively processed from ventral V2 to ventral V3frand
dorsal V2 to dorsal V3. Similar to V2 and V1, dorsal and ventral V3 areamatittain a contra-
lateral visual-field representation but are distinct in terms of bothdbnitections with other brain
regions and their receptive fields’ properties. Dorsal V3 receives input from both V2 and V1 and
projects to additional subdivisions V3a/V3b (which contain a complete visual fielesesyation)
and parietal regions within the dorsal stream. On the other hand, ventral &@esefewer
projections from V1 and sends input to the inferior temporal cortex part ekttieal stream. In
terms of receptive fields properties, neurons in the dorsal V3 complex (incM8agnd V3b)
have been implicated in processing of coherent motion (Gegenfurtner, Kiper, &, L199{f)
whereas a larger number of colour-sensitive neurons have been reported in \&iiBatRialter
& Van Essen, 1986). Beyond ventral and dorsal V3, the anatomical and functional segregati
between dorsal and ventral visual streams become most evident. See Figurestherieatic
representation of the principal anatomical and functional subdivisions of the wstiak
represented on flat maps of two human brains.

The eccentricity bias organisation that dominates V1, V2 and V3 extends well degond
early visual cortex (see also Figure 1.3), and this bias has been proposed as one ahisiagorg
principles underlying the spatial distribution of functionally spe@dlitiigh-order visual areas
(Hasson, Levy, Behrmann, Hendler, & Malach, 2002; Levy, Hasson, Avidan, Hendler, & Malach,
2001).In this account, high-order selective areas are localised in different pasfidthe visual
cortex according to whether they require foveation (e.g., face and word) or not (@@s sc
Hasson, et al., 2002; Levy, et al., 2001). This account will be described inr gletaié in a later

section of the general introduction.
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Figure 1.4. The human visual cortex. Early (V1, V2 and V3V3a) and middle (V4v, V7, V8, VP, MT+, LOC, LOP,
SPO) visual areas are represented on a flat map of two human Brerenatomical segregation between the dorsal and
the ventral streams, already present in early visual areas, become most beytmmd ventral and dorsal V3.
MT+=middle temporal, LOC= lateral occipital cortex; LOP=lateral occipital poste®®)= superior parietal occipital;
v=ventral. Adapted from,Tootell, Hadjikhani, Mendola, Marrett, & Dale 899

1.2. Extrastriate visual areas sdective for distinctive features; motion and form
perception (MT/M ST and LO)

As indicated at the beginning of this general introduction, when mdrongposterior early visual
areas to more anterior middle-order areas, information processing becomes mammrand
specialised. The visual system’s hierarchical organisation and functional specialisation principles
are closely linked to one another. Indeed, the processing of Oljhatracteristic features, such as
form, motion, and texture, is essential for later stages of visual congpoutstich as object
recognition or face recognition. Examples of impairment in face recognitioesaek of lesions
within occipital shape processing areas (despite egpéace-selective regions) have been

documented in clinical studies (Steeves, et al., 2006). In the followingrsettwill highlight
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anatomical and functional properties of two of the main feature-selectas &or perception of
visual motion and object shape. The documentation of these two regions haetiectce to the
rationale of this thesis.

1.2.1. Motion perception (MT/MST)

In the human brain, the middle temporal (MT) /middle superior temporal (MST) dod&bed in

the lateral surface of the occipitotemporal lobe (in the superior bablk afiferior temporal sulcus

- ITS) plays a relevant role in processing visual motion (Tootell, et al., 1995)ef@imy evidence
suggests that this region is the human homologaeradtion-sensitive region (MT/V5) reported in
the macaque brain (Huk, Dougherty, & Heeger, 2002). Similar to the macaque MT/Vibnihe
motion complex contains two subdivisions which can be distinguished by their stuctur
architecture, functional properties and anatomical location: MST and MT. Wherégsldd&ted

in the anterior bank of ITS, responds to the controlateral visual field innatagiic manner, MT,
located in the posterior end of the sulcus, has larger receptive fieldstbatl into the ipsilateral
hemifield (Dukelow, et al., 2001; Huk, et al., 2002). Despite neuroimaging eeicioeving that
MT/MST is not the only region in the visual system selective to visualomd@iRiesenhuber &
Poggio, 1999), the type of computations carried out within MT/MST appears to be of a highe
order relative to early visual areas which are primarily involved in imcaion processing. Indeed
relative to the primary and secondary visual cortices, MT/MST is significantlg modulated by
attention (Culham, et al., 1998) and the presence of motion coherence (Rees, &ristah,
2000), and it shows significantly stronger adaptation effects to motion pattrksef al., 2002)
The central role in integration and perception of global motion played by MT/MT&8sds
supported by clinical evidence of patients showing selective motion perceptioitsdeflowing
lesions in extrastriate areas (Vaina, 1998).

Visual processing of motion plays an important role in visual perception autlition to
MT/MST, other high-order areas within the lateral occipitotemporal cortex haxesheen to be
differentially specialised in processing different types of motion (Beauph Lee, Haxby, &
Martin, 2002, 2003; Grossman, et al., 2000). One typical example is human biologital mot
which can be easily recognised even in absence of the perceptual figuréodyh&or instance,
recognition of different human traits such as sex, weight or even emotions can be gccuratel

detected by seeing moving point-light visual displays reproducing a persabking steps
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(Johansson, 1973). The brain region responsible for processing biological motion is tie super
temporal sulcus (STS - Grossman, et al., 2000; Grossman & Blake, 2002).

Biological motion is not the only example @f unique” motion pattern. Indeed, man-made
tools (e.g., a hammer), unlike other manmade objects (e.g., a table), are uniquely Setdnter
typical type of rigid motion (rigid up and down movement associated wathdtion of hammering
- Beauchamp, Lee, Argall, & Martin, 2004; Beauchamp, et al., 2002). In a series of fMREstudi
Beauchamp and colleagues (2002; 2003) have shown that a region anterior and inferior to
MT/MST responds selectively to the rigid motion typical of manmade artefacts stoblsagbut
also to the visual form of tools). In a similar manner, a region anterior andosupevT within
STS responds preferentially to articulated human body motion (but also to hwsuoahferm -
Beauchamp, et al., 2002). On the basis of this evidence, the authors advanced the hypothesis th
object-typical motion combined together with object visual form comirigeorganising principle
to drive functional specialisation of the lateral occipital cortex. In otwerds, lateral
occipitotemporal cortex might be differentially specialised to store repatgendf both typical
visual-form and visual-motion of object categories. Clinical evidence convertfesnaging data
to support differential specialisation of lateral occipital areas ferdift types of complex motion.
Whereas extended lesions encompassing the lateral occipitotemporal cortex largelymisenpro
discrimination of point-light displays (Cowey & Vaina, 2000), when S3 Spared behavioural
performance is mainly preserved. Moreover, knowledge about tool-use movement repoasentati
and tool visual representations can both be compromised as a consequence of podtd#gor mi
temporal lesions (Tranel, Damasio, & Damasio, 198uggesting this region’s involvement in

storage not only of the visual form of tools but also their specific motion.

1.2.2. Shape perception (LO)

Recognition of object shapes is an essential skill in our daily life and desptiruous changes in
visual perspective and other external factors (e.g., illumination, spatial @istzject scale), we

are incredibly accurate and fast in discriminating (within isgitonds) subtly different visual
features/appearance of objects. The lateral occipital complex (LOC) that extemdsei lateral

and the inferior extrastriate visual cortices plays a relevant role in shape and object formngocessi
(Malach, et al., 1995). This so callebject-selective areshows functional specialisation to intact

objects, regardless of whether the object is familiar or unfamiliar, vel&di scrambled visual
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patterns (Grill-Spector, et al., 1998; Malach, et al., 1995). Interestingly, Uiafashapes that are
perceived to be more similar with each other elicit similar response patidr@Ci, regardless of
low-level stimulus properties (Op de Beeck, Torfs, & Wagemans, 2008). In other worsisyeer
shape similarities strongly influence responses in LOC relative tdelesV-similarities, thus
suggesting an important role played by top-down modulation in shape selective processing encode!
in LOC. Moreover, evidence reporting positive correlation between neural activity and behavioural
performance points toward a primary role played by LOC in shape identifiq@iihSpector,
Kushnir, Hendler, & Malach, 2000; James, Humphrey, Gati, Menon, & Goodale, 2000).

In order to be a strong candidate to play a role in object recogrthiifiunctional profile
of LOC should show ‘perceptual invariance’. That is, the ability to discriminate the same object
(e.g., a chair) 1) under different viewing perspectives, which alter the oskeaplé representation
(e.g., lateral or frontal viewing), and 2) at variable distances, which alterzdeofsiperceived
objects on the retina (e.g., a few centimetres versus several metersthdgjtestion of whether
LOC is sensitive to object view and position presentation, consistent evidencetsaggesdient
of object position processing within this region (e.g., Schwarzlose, Swisher, ®#anwisher,
2008; Tootell, et al., 1998). Whereas the posterior part of LOC shows a degreeitofityetus
object position (Grill-Spector, et al., 1999; Kravitz, Kriegeskorte, & Baker 28&@res & Grill-
Spector, 2008) its more anterior/ventral part shows less sensitivity to wamaobject position
(Schwarzlose, et al., 2008).

Another fundamental prerequisite for object recognition is the ability to recagmiskject
under different format presentations. For instance a house can be recognised whetteseitisdcr
in the real world, on a computer screen, or even in a schematic line drawingisvitietole of
LOC in this more high-order type of processing? Studies investigating visuglutaiions
performed in LOC largely support the role of LOC in performing high-lgiselal processing of
complex shapes regardless of format presentation. In a seminal study, Kourtzi andhiéanwi
(2000) showdthat LOC is involved in extracting object structure information irrespgecf cues
used to represent objects. In this study, the authorseshtvat LOC respored equally to
greyscale photographs and line drawings depicting intact objects relativeainbie images
(Kourtzi & Kanwisher, 2000). In a second experiment using an adaptation paradigm, the authors
further confirmed this hypothesis by showing that neural responses in LO@attapbnsecutive
presentations of the same object regardless of the visual format used (greyscale photognagh and li

drawing). This evidence points toward high-order object processing performed by LOC.
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Interestingly, object shape processing in LOC has been shown to be supramodal. That is
LOC represents object shape irrespective of sensory modality. In a series e, sfudedi and
colleagues (2001; 2007) repedtevidence that LOC responds to object shapes presented either in
the visual, haptic (Amedi, Malach, Hendler, Peled, & Zohary, 2001) or auditory (Amedli, et
2007) modality. Importantly, LOC was not activated by perception of typicatbbpunds, thus
suggesting that this region is less involved in representing functional anantse object
knowledg (Amedi, et al.,, 2007). Rather its primary role involves extracting informaatmout
object’ form irrespective of the sensory modality that conveys such informationigiel vhaptic
or auditory). This suggests that the visual cortex does not house represgtitati@me only visual
in nature (a concept that will be important &rupcoming chapter of this thesis).

Another important source of evidence on the role of LOC in shape processing is reported in
lesion studies. Lesions (generally bilateral) that involve the latedpital cortex lead to acute
impairments in object perception and recognition called visual form agnos@.deficits
associated with visual agnosia are defined byr therceptual rather than visual nature. Indeed
visual agnosia is not related to low-level computations (e.g., patients show n@ualacuity),
but rather it compromises the ability to unify and combine visual informationlénerhevel visual
areas into complex perceptual representations. The most investigated visual fosit agtient
reported in the literature is DF, whose bilateral lesion encompasses thesebgetire area LO
(part of LOC - James, Culham, Humphrey, Milner, & Goodale, 2003). DF shows profound deficits
in object recognition and her perceptual ability to recognise object shapegnsizgosition is
dramatically impaired (Milner & Goodale, 1995). However her visual acujyeiserved showing
spared ability to recognise surface features such as colour and texture {@raves, Kentridge,
Heywood, & Milner, 2010a, 2010b). Importantly, fMRI responses in occipitotemporal regions
match her behavioural performance: whereas LO does not respond to shape (givernsthat
lesioned), the spared colour-selective and texddeastive foci show normal fMRI responses
(Cavina-Pratesi, Kentridge, et al., 2010a). These results further support evideddéfential
functional specialisation and differential spatial localisation of nesudistrates selective to
encoding specific stimulus features (e.g., texture, colour, form etc.). Although naotion-
selective (MT/MST) and shape-selective (LOC) areas have been describeailimdbts general
introduction, surface features such as texture and colour are also processedspdatmalised
regions of the visual cortex. Figure 1.5 shows a schematic representation of thmalpféature-

selective visual areas in the human brain.
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Principal feature-selective areas

Figure 1.5. Schematic representation of visual areas selective for motion, colour, texture and shape featuresin the
human visual cortex. The left (left panel and right panel) and the right hemisphere (right)pameportrayed from
lateral and inferior views. Brain areas are depicted according to theirefesafective preference: LO (violet colour
coded) selective for shape visual processing, pCoS, (light blueromdaled) selective for texture visual processing,
aCoS (red colour coded) selective for colour visual processing afd3T (green colour coded) selective for motion
visual processing

This introductory account of the visual system’s hierarchical organisation will continue in the next

section with an overview of category-selective high-order visual areas found in the human brain.

1.3. High-order visual cortex and category-selectivity in the human brain.

The question of how the visual system encodes visual information in high-ocgsdel areas is one

of the most investigated questions in cognitive science and remains hotly dé€batetk side b

the debate, théomain-specificityaccount (e.g., Kanwisher, 2010) proposes that only a limited
number of object categories are selectively processed by highly specialisedsubstates (e.qg.,
faces in the middle fusiform gyrus). Converging evidence for this account coomasbfith
neurophysiological studies in nonhuman primates (e.g., Kiani, Esteky, Mirpour, & Tanaka, 2007)

and neuroimaging studies in humans (Downing, Chan, Peelen, Dodds, & Kanwisher, 2006), which
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showed that these aforementioned ‘selective’ cells/areas respond twice as much to their preferred
category (e.g., faces) relative to other stimuli (e.g., houses). Altogethegvilence stroryg
supports some type of functionally specialised coding within these regions (Kang@h@y and
assignsHe status of ‘special’ to thesepreferred categories.

On the other side of the debate, the distributed representation addaxby (et al., 2001)
reports evidence for patterns of overlapping and distributed responses for raulaitger of object
categories in the ventral visual pathway (if not all individual objectsGailo & Cox, 2007)
Studies supporting this account have primarily used multivariate approaches sucli-aexeiul
pattern analyses (MVPA) to show that fine-scale representations for differentaziggmries (not
just the well known categories of faces, bodies and places) is carried withirertobhetivity
patterns in voxels that show weak (non-significant) selectivity. Importahtyspatial distribution
of these response patterns has been shown to be consistently decoded across sessions (Haxby, et
2001). This latter account has recently received a lot of attentionatiorelto the intriguing
challengeto provide a model of how tke different object categories (but also individual object
entities, DiCarlo & Cox, 2007) can be uniquely represented within the ventral visual pathway.

To summarise, although multivariate techniquegelrguccessfully provided evidence for
fine-scale representations for a large number of objects (or even diffematitiedavithin the same
category, see Kriegeskorte, Formisano, Sorger, & Goebel, 2007), up to now, large-scale
representations that show strong selectivity for a certain stimultesbeen reported only for a
limited number of object categories (Downing, et al., 2006). In the next sectilircharacterise
the functional specificity of the category-selective regions for facesedbaahd tools in light of
ther relevance to the rationale of the work reported in this thesis. Howesgbanlitd be noted that
evidence for category-selective areas for external layouts (Epstein & Kanvii8B8),and words
(Cohen, et al., 2000) has also been extensively documented. Figure 1.6 shows a schemat

representation of the principal category-selective high-order visual areas in the haman br
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Principal functional category-selective areas

Figure 1.6. Schematic representation of high-order category-selective areas in the human visual cortex. The left
hemisphere is portrayed from lateral view (left side) and inferior view (siglef). Brain areas are shown according to
their category-selective preference: the object area (LOC), the tool area (M&@xtrastriate body area (EBA), the
occipital face area (OFA), the parahippocampal place area (PRAfjudifiorm face area (FFA) and the fusiform body
area (FBA). The motion area (MT/MST) and the multisensory area (8i&Galso reported in the map to highlight
anatomical relationship with aforementioned areas.

1.3.1. Face-selective areas

Faces are probably one of the most socially relevant visual stimuli we are expdsad birth,

and accurate recognition of familiar faces is extremely important throughout oursdaibl
interactions. Indeed, faces convey not only information about a person’s identity; but more
frequently, convey facial expressiorss a way to communicate with other people and
understanding their emotions and feelings. Converging evidence from both neurophysiology and
neuroimaging in both nonhuman (Desimone, Albright, Gross, & Bruce, 1984; Pinsk, DeSimone,
Moore, Gross, & Kastner, 2005; Tsao, Freiwald, Knutsen, Mandeville, & Tootell, 2003) and
human primates (Kanwisher, McDermott, & Chun, 1997; McCarthy, Puce, Belger, & Allison,
1999; Puce, Allison, Asgari, Gore, & McCarthy, 1996) strongly supports the exisiEnoggue

selective neural substrates for face processing. Here, | will describe indetailethe functional

27



characteristics of the two main fasdective areas reported in humans (for selective responses to
face visual motion in STS, see Puce, Allison, Bentin, Gore, & McCarthy, 1998). Therfufiice

area (FFA - Kanwisher, et al., 1997; Puce, et al., 1996), probably the most investigatiedtaee
human brain, is consistently found across participants in the ventral surface of iloe tefeporal

lobe. The second face-selective region, the occipital face area (OFA - PUcel396), lies more
posterior in the lateral surface of the inferior occipital cortex. Both regimosgsy respond to
faces relative to a large variety of control stimuli (e.g., objects, asjin@bls etc.) and show
stronger lateralisation to the right hemisphere (Rossion, et al., 2000; Sergant&®acDonald,
1992).

What are the face features encoded in FFA and OFA? An interesting debate about OFA
and FFA is to what extent these regions represent two different stafpse gfrocessing, with
OFA performing earlier computations and projecting output to FFA. In litfethis assumptiora
recent study (Pitcher, Charles, Devlin, Walsh, & Duchaine, 2009) using transcraigaétic
stimulation (TMS) has shown that repeated TMS delivetedthe right OFA impaied
discrimination of parts of the face (e.g. the eye, varying identity) but sparedbititg to perceive
differences in space between the parts (e.g., varying the distance between eyefigdinbis
suggests that OFA is involved in local rather than global face processitigerfore, evidence
that OFA deals with earlier stages of face processing comes from fMRI stidies that this
region is sensitive to physical changes of face features even when subjecsaware of these
changes happening. Conversely, FFA shows sensitivity to face changes duringiveubject
awareness only (Large, Cavina-Pratesi, Vilis, & Culham, 2008), in agreement witle &dahg of
evidence suggesting that the type of processing encoded in FFA is morednigref~or example,
FFA responds to perceived faces irrespective of differences in a number ofagpeats (e.g.,
front view versus lateral view, line drawing versus photographs or even dagealversus human
faces - Hasson, Hendler, Ben Bashat, & Malach, 2001; Spiridon & Kanwisher, 2002; Tong,
Nakayama, Moscovitch, Weinrib, & Kanwisher, 2000). Conversely, when low-level configurat
features are invariant (e.g., visual information projected to the retina s¢éaogyy but subjective
perception of the face’s global configuration is varied across conditions (e.g., upright versus
inverted faces, Rubin vase-face illusion), responses in FFA are positivalglated with
behavioural performance (Hasson, et al., 2001; Kanwisher, Tong, & Nakayama, 1998). The
existing evidence supports the idea that face-selective areas OFA and FFAagedaextgifferent

hierarchical stages of face processing.
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The hypothesis of face-selective substrates is also supported by clinicas stidth show
patients who have a selective deficit in face recognition (prosopagnosia)imglléesions of
occipital and ventral temporal areas encompassing OFA and FFA (Barton, Press, Keenan, &
O'Connor, 2002; Rossion, Caldara, et al., 2003) (but see also, Grueter et al.,r288hgémital
prosopagnosia). Gross impairments in discriminating faces éenale face versus a female face)
and in recognising familiar faces (e.g., relatives, friends and partigersharacteristic in
prosopagnosic patientsyhereas within-category perception of other objects may be preserved
(Duchaine, Yovel, Butterworth, & Nakayama, 2006). The opposite dissociation affecthig-wi
category object discrimination but not face discrimination has also been refgitbidil &
Warrington, 1993), thus supporting evidence that prosopagnosia is not merely an radirkaif
task difficulty (face discrimination being more difficult than objeatcdimination). Altogether this

evidence supports the premise that face processing is subserved by domain-specific substrates.

1.3.2. Body-selective areas

We constantly interact with individuals throughout our life and visual information of other people’s
bodies is essential in making inferences during human interaction. For instance, visual cues of bod\
postures and movements provid&ormation about someone’s feelings and help us to act
appropriately to different situations. It is therefore not surprising thailasito faces, bodies have
been found to selectively activate specific regions along the ventral visualagat#md body-
selective areas are strongly lateralised in the right hemisphere. The tamsreglective for body
visual processing are the extrastriate visual area (EBA - Downing, Jiang, St&udanwisher,
2001) on the lateral surface of the occipitotemporal cortex and the fusiform bodyFBka (
Peelen & Downing, 2005) found in the medial fusiform gyrus and partiaéiylapping with FFA.
Both body-selective regions respond to visual appearance of bodies and bodylptves to
faces, objects and a large number of other visual categories (Downing, 2008). Similar to
OFA and FFA, a hierarchical visual organisation seems to apply to EBA and FBAead¥her
activation in EBA is a direct function of the amount of body visible (ergatgr for whole body
and less for a single arm), FBA appears not to distinguish single body parts (e)droar the
whole body (Taylor, Wiggett, & Downing, 2007). This finding suggests that these twae body

selective regions contribute differently to processing body-related information.
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In the last decade, a large number of studies have explored the topic of what type of
information is encoded in EBA and FBA. Examples are studies investigating asppetsasfal
identity, emotion processing, perception of body motion and representations of other people action:s
(for review, see Downing & Peelen, in press). However, results varfuastion of paradigms and
techniques used, and in the large number of these reports thelippskHdi attentional bias might
acount for the results cannot be ruled out (Downing & Peelen, in press). Ire@t mreview
Downing and Peelen (in press) propose that EBA and FBA are primarily resptmsinevisual
features of bodies, thus suggesting a low level profile of these regions excluding campsiath
asemotional processing, body motion perception, action representation and sanfaghedment
with this view, two studies reported clinical evidence (Moro, et al., 2008)T&nS evidence
(Urgesi, Calvo-Merino, Haggard, & Aglioti, 2007) which suggest that pigya of the extrastriate
visual cortex (encompassing the EBA territory) impairs perception of body shapmtbloibdy
action. Taken together, this evidence suggests that body selective regions aiiy ptawvaied to
body visual form processing. It is only in other specialised downstream braiorkesuch as the
superior temporal sulcus (STS), the medial prefrontal cortex (MPFC) and thimratgmporal
lobe (alT) that visual representations of the body are engaged to subserve higfigvecog
computations such as perception of body motion (Beauchamp, et al., 2004; Beauchamp, et al.
2002), emotions (Peelen, Atkinson, & Vuilleumier, 2010) and identity recognition (Kriegeskorte, et
al., 2007).

1.3.3. Tool-selective areas

The extraordinary human manual dexterity and capability for using tools rgselynevolved in
humans and excels in contrast to the simple tool usage shown by other species (Johnson-Fre
Newman-Norlund, & Grafton, 2005; Napier, 1956). Neuropsychological studies providkshei

for dedicated substrates subserving conceptual representations of tools (andaaratiafacts)

by reporting double dissociations between living and non-living semantic désloising lesions

in the medial and lateral inferior temporal lobe respectively (e.g., Cazand§ashelton, 1998)
Clinical observations together with functional neuroimaging investigations ¢@mv@med tool
specificity in the medial fusiform gyrus (mFG) atie left middle temporal lobe (MTG - Chao,
Haxby, & Martin, 1999; Martin, Wiggs, Ungerleider, & Haxby, 1996) relativéhto category of
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living things. Moreover, contrary to other categories (e.g., bodies, scenes),priss@htation of

tools elicits a differential responsén frontoparietal action-related areas in the left hemisphere
(Chao & Martin, 2000; Lewis, 2006; Valyear, Cavina-Pratesi, Stiglick, & Culham, 204lyear

& Culham, 2010). The observation that tools differentially activate frontoplariztal
occipitotemporal areas suggests different functional specialisation of thésesrelj has been
argued that whereas tomllated activation within the ‘dorsal’ object-action-processingmbodies
hand-action representations associated with tool usage triggeredvisp@tsaffordances (Chao &
Martin, 2000; Chao, Weisberg, & Martin, 2002), tool category related responsdn wieh
‘ventral’ object-visual-processingtream relate to tool-form and tool-motion (Beauchamp, et al.,
2002) and associated conceptual knowledge (for review, see Chao, et al.,, 2002; Martin, 2007
Martin, et al., 1996). Interestingly, recent imaging findings suggest thaidnakspecificity of
tool-selective regions in the middle fusiform gyrus (mFG) and left mitkttgooral gyrus (MTG)

might be driven by functional connectivity of these regions with dorsabractlated areas
(Mahon, et al., 2007). In this study Mahon and colleagues (2007), using a sap&tppression

fMRI paradigm (RP) and functional connectivity analysis, stubthhat motor-related properties of
objects (tools) characterises functional organisatibtools-selective areas in the ventral visual
stream. This conclusion was also supported by lesion overlap analysis showing thatrefiens i
left parietal cortex and left middle temporal gyrus (corresponding toetfiens reported in the
fMRI study) predicted patients impairments in both object-use and object-idainifi tasks.
These results suggest that object-related information (e.g., tool-use aptiesentation) processed

in dorsal action-related areas (e.g., the parietal lobe) modulates task padermrimarily
associated with ventral visual functions (e.g., perceptual identificatidmg. ifiterpretation is in
agreement with both neurophysiological studies in monkeys (Miller, Nieder, Faee@mVallis,

2003; Rushworth, Behrens, & Johansen-Berg, 2006) as well as structural and flunctiona
connectivity studies in humans (Noppeney, Price, Penny, & Friston, 2006; Quallo, et al., 2009;
Uddin, et al., 2010) which revedl left lateralised pathways connecting dorsal (action-related) and
ventral (visual-related) areas. The current work (Study 2 and Studyl ®yaviide further evidence

for the role of frontoparietal action-related areas in driving functiongarosation of ventral
visual-selective hand/tool representations in the left lateral occippotai cortex through
functional connectivity between those regions (results have been submittedbfmation, see

Bracci, Cavina-Pratesi, letswaart, Caramazza, & Peelen, under review).
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1.4. How many object categories are selectively processed within specialised neural
correlatesin the human visual system?

Following extensive examinatioof clinical cases of recognition impairments (for review, see
Mahon & Caramazza, 2009) affecting distinct object categories (e.g., feangispaite objects etc.),
there has been an increasing neuroimaging interest on the topic of category-selectigityuiman
visual system. So far, | have described functional profiles of areas selectiaeds, bodies and
tools, as they directly relate to the rationale for this thesis an@ tesearch question investigated
in Study 1 (is there a selective visual area for hands?). However, visudlvigldor other
categories such as places and layouts in the parahippocampal gyrus (PPA - Epsiainighét,
1998) and for words and letter strings in the left middle fusiform gyrus (VWEAhen, et al.,
2000; Hasson, et al., 2002) has also been widely documented. The evidence accumulated in the la
15 years has therefore pushed the interest of cognitive neuroscientists towagdsiagldne issue
of which object categories are selectively processed by specific neuralatzsrin the human
visual system.

In an attempt to address the issue of how many categories are processed \withiire sel
areas in the visual system, Downing and colleagues (2006) tested a large numbpgctof ob
categories. In addition to the well known category specificity for faces, bodies, tools and pkaces, t
authors investigated whether other categories that were reported to be impairbohaftegsion,
such as musical instruments, fruit and vegetables (for review, see Caramazzao®, 2603)
preferentially activated specific substrates. Other categories, part obtebdistinction between
inanimate (e.g., cars, cloths, prepared food) and animate (e.g., birds, fish, reptiles) doerains, w
also included because of their frequent occurrence in our daily experiences, Thatest to what
extent visual familiarity and experience might play a causal role in droategory-selectivity in
the visual system. The results confirmed strong category-selectivitades fn right FFA, bodies
in right EBA and places in bilateral PPA, showing that each of these dategesponded
significantly strongrto the preferred object relative to the 19 other stimulus caeesgokowever,
the data failed to reveal comparably strong selectivity for tools (in the left MTG, Cladg,199)
relative to other manipulable objects (e.g., musical instruments and weapons). Thisssingges
this region might be more sensitive to functional properties of objects thdrerthe semantic
category to which they belong. Furthermore, none of the other object categoiitesl étcal

responses in any region in the visual cortex. This suggests that category-ssidugivates in the
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visual cortex are limited to just a few object domains. At odds with th#imgievidence, the
current work (Study 1) will provide evidence for a new category-selectivenr@gthe left lateral
occipitotemporal specialised for visual processing of hands (Bracci, letswaalgnpP& Cavina-
Pratesi, 2010). The extraordinary relevance the human hand has played throughputics’
evolution in our interaction with the external world might be the basifufwtional specialisation
of selective neural substrate for visual processing of hands.

1.5. What arethe principles driving functional organisation of category-selective

areasin thevisual system?

As described in previous sections, large-scale representétiomsnumber of object categories
have been reported in the human visual system (for recent homologues of catbgciiye
organisation in the nonhuman primate visual cortex, see Kiani, et al., 2007; Kri¢geskal.,
2008; Tsao, Moeller, & Freiwald, 2008), yet little is known about the principles difiviradional
specialisation and anatomical localisation of these category-selective areas. A nuiinberetical
frameworks have been postulated to explain why visual areas are differentiallglispdcfor
preferential processing of specific object categories. In this section | will describe in nzdréhdet
most influential accounts (for the distributed representation account of vigte ooganisation,
see Haxby, et al., 2001).

1.5.1. The domain-specificity hypothesis

The so calleddomain-specificity hypothesis proposes that category-selective domains with
evolutionary relevance such as animals, tools and faces result from innate cer€eaerazza

& Mahon, 2003; Caramazza & Shelton, 1998; Kanwisher, 2000, 2010; McKone, Kanwisher, &
Duchaine, 2007). According to this view, evolution has primarily contributed dmrasand
specialise certain neural substrates to seldgtipmcess a limited number of object domains that
are more critical than others in ensuring the survival and continuity of ouesg&@aramazza &
Mahon, 2003; Kanwisher, 2000). This theory was first proposed following the clatisatvation

that disruption of one or more cortical sites led to dissociable impairmeat®inr more object
categories. Neuroimaging data is in line with this account, showing categoryvgiectly for a

limited number of object domains: faces (Kanwisher, et al., 1997), bodies (Dowhailg, 2001)
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tools (Chao, et al., 1999), places (Epstein & Kanwisher, 1998) but also lettgs $¢€ohen, et al.,
2000). Moreover, as highlighted above, in this thesis (Study 1) | will present evidenite fo
existence of a newly described category-selective area for visual processing of maods €Bal.,
2010).

Undoubtedly, the ability to accurately and efficiently recognise these digtinetegories
is relevantto our survival as social entities. Whereas visual discrimination of faces and human
bodies is crucialo our social interactions, skilful abilities such as tool-use and reading are uniquely
developed in human primates relative to other primate species. Moreover, the extraandimazaty
dexterity of our species underpins our preferential ways of interactirig amid manipulating
objects in the external world, and it has been suggested as the fundamerdaldiihgman
evolution. Although this evidence is in line with the innate constraints hypottwstomain-
specificity, this theory fails to account for evidence of the selective neubsitrate found for
encoding visual word-forms (Cohen, et al., 2000). Indeed, reading ability has orhtlyec
developed in humans. Evidence that innate constraints cannot fully explain categdivitgelec
also comes from developmental studies (Golarai, et al., 2007), which show thatdfedses in
size as a function of age. Interestingly, anatomical results were highlatedrevith behavioural
performance: as age increases, children perform better on face recognitiorGizlskai,( et al.,
2007). Taken together, this evidence suggests that such functional specialisation caolaly be
determined by genetic blueprint. Instead this suggests that the intervention of atdtibors,
such as life experience, might play an important role in driving certain taspedunctional

organisation of the visual system.

1.5.2. The expertise hypothesis

The account that stresses the role of experience is the so egledise hypothesi€Gauthier &
Bukach, 2007; Gauthier & Tarr, 2002; Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999; Tarr &
Gauthier, 2000). According to tlexpertise hypothesisomputational processes rather than innate
constraints drive structural visual system organisation. This accourteless proposed in the
context of selective visual processing of faces. According to the authorsgaben why face
selective mechanisms appear to be uniquely specidikseth the fact that face recognition, unlike
other object categories, requires highly specialised visual discriamninét other words, whereas

face discrimination requires skilled within-category discriminative abiltbedistinguish between
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two individual faces (e.g., distinguishing between Mark and Julian), objecindisation between
exemplars within the same category is far less common (e.g., distinguishing betwebfferent

dog faces). This leads to the conclusion that it is only the effect ofqarabat brings about AF
functional specialisation and that these specialised mechanisms can extend to expleriter
object categories (e.g. dog or car experts). The main prediction of this hypashést, after
extensive perceptual training, selective mechanisms would respond in a similan feslthe
newly acquired category (e.g., cars) and no longer show unique preference for a single object
category (e.g., faces). This hypothesis has been largely tested in the contegtssfidativity by
using perceptual training of novel shapes (e.g., 'Greebles' - Gauthier, et al., 1989 GBaithier,
2000). The results shaal that activation response within face selective areas increases after
training of novel shapes (Gauthier, et al., 1999). Behavioural data support thesexpgrtithesis
showing that discrimination of novel object shapes is influenced by the inverféoh gfich is
believed to show that faces, unlike other objects, are processed hbligGealthier, et al., 1999)
Given this converging evidence demonstrating that both expertise and trainingt@sdesponses
within the face selective area, Gauthier and colleagues Y2@0@luded that experience has an
impact on the type of processengagedn object recognition (for a critique on the validity of these
findings, see McKone, et al., 2007).

Although this evidence suggests that, to a certain extent, expertise for cefggh ob
categories might modulate responses within face-selective areas, the expgrteesis has
several limitations. Firstly, paradigms used to support the expertise accouant dde out the
possibility that results can be explained by attentional enhancement for the traesdcatggory
(Wojciulik, Kanwisher, & Driver, 1998). Secondly, the expertise hypothesis has too rafovous
on face-selectivity and lacks applicability to other well-known categdegthee areas. Thirdly,
this theory fails to account for selective impairmeant§ace processing where fine discrimination
between entities of other categories can be preserved (e.g., evidence for spdtyedoabil
discriminate between different animals' faces relative to severe loss ahHage recognition -
McNeil & Warrington, 1993). Indeed, if specificity of face-selective substratesron the type of
processing rather than object category, then within-category discriminajpairinents observed
for faces in prosopagnosic patients are expected to be observed also in othecabbgrries
requiring fine within-category discrimination. Finally, the consistentsarahg activation found in

FFA and OFA for faces in almost every single participant across the large numbiedies
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reported in the existing literature (e.g., Kanwisher, 2010) is strong evidentieefe areas being

distinctively tuned to face selective processing.

1.5.3. The eccentricity bias hypothesis

Another influential theory that addresses the underlying mechanisms of therfahotganisation

of the visual system is the so calleccentricity biasaccount(Hasson, et al., 2002; Levy, et al.,
2001). This framework suggests that category-selective representations andspiuibd
distribution are constrained by the braistructural architectures such as retinal eccentricity maps
(Grill-Spector & Malach, 2004; Hasson, et al., 2002; Levy, et al., 2001; Malach, LeMas&on,
2002). The rationale for this account is based on the robust central-peripheral @tcérds that
governs structural organisation of early visual areas and that extends andp&ssmsnthe
downstream high-order visual cortex. Two of the main findings supportingctentricity bias
accountare: 1) faces which are processgdentral fixation (e.g., eye contact during conversation
with other individuals) activate a region (FFA) that overlaps with theralebhias visual field
organisation; 2) places that are generally processed in the background anorehinadlve
peripheral vision, activate an area (PPA) that overlaps with the perighiaslvisual field
organisation (Levy, et al.,, 2001). Following from this evidence, the prediction isspladial
distribution of other well known category-selective areas would also falmh visual field bias
organisation. This hypothesis was tested in a follow up study by Hasson aabges (2002).
Their findings support the eccentricity bias account by showing that wordsterdstrings which
require foveation are processed within areas in the left fusiforos gWFA) in line with the
central eccentricity bias visual field organisation (Hasson, et al., 2002). Hasdocolleagues
(2002) concluded that the eccentricity maps organisation is one of tlmegdidvces underlying
functional selectivity of object category localisation in the visual system.

However, there is also evidence that geeentricity biashypothesis which supports the
role of bottom-up visual input constraints in driving the organisation of didlr visual cortex,
cannot entirely account for category-selectivity in the visual system (Artedi, 2001; Amedi, et
al., 2007; Mahon, Anzellotti, Schwarzbach, Zampini, & Caramazza, 2009). A series of imaging
studies report converging evidence that spatial and functional organisationhigtiiarder visual
areas (e.g., object-form or word processing) can arise without direct giquadience (Amedi, et
al., 2001; Amedi, et al., 2007; Mahon, et al., 2009; Pietrini, et al., 2B04)nstance, Amedi and
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colleagues (2001; 2007) showed that in both sighted and congenitally blind individuashb@C

a similar response profile during perception of object shape regardless of whkbtpr
information was conveyed via visual, haptic (Amedi, et al., 2001) or auditory (Amedi, et al.,
2007). These results strongly support the hypothesis that organisation of thesysteal is not
constrained only by bottom-up afferangual input. In agreement with this evidence, Mahon and
colleagues (2009) recently demonstrated evidence of homologous medial versus lateral
organisation for non-living versus living things in both sighted and congertifaily individuals.
Taken together, these data suggest that visual experience is not essefutiatimmal specificity

to mature in the visual system. In Study 2, | will provide further evidémcsupport of the
proposition that organisation of high-order visual cortex is in part drivendoyvisual object
properties.

To summarise, each of these influential frameworks tap into relevant aspecteaif obj
perception fronadifferent perspective, but evidence suggests that no single hypothesis can entirely
account for the features presented. Therefore, there remains a need to cddgidaabfactors to
further explain functional specialisation and spatial distribution of categglegtive areas in high-

order visual cortex.

1.5.4. The functional connectivity hypothesis

In an alternative framework, category specificity and spatial distoibbdf these neural correlates
might be determiad by selective functional connectivity between brain networks (Mahon, et al.,
2007). In other words, selective connectivity patterns between specialisedksemight force
anatomical and spatial distribution of object category responses (e.g., faces) odipecific
locations in high-order visual cortex (e.g., FFA, EBA). For instance the spatiibiocd the
visual word form area (Cohen, et al., 2000) in the left FG might be tauslated to functional
connectivity between left lateralised language-related areas and the fusifos(@willard, et al.,
2006; Martin, 2006). In agreement with this hypothesis, functional and anatomical enoeeaf
face and body representations in the fusiform gyrus might subserve more deglc@mputations
such as emotion recognition the middle prefrontal cortexPeelen, et al., 2010) and identity
recognition in the anterior temporal lobe (Kriegeskorte, et al., 2007). 8img#ong lateralised
representations for tools (Lewis, 2006), and words (Cohen, et al., 2000) might be rebztdayni

functional connectivity with dominant left interhemispheric praxis and language systems.
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In sum, thefunctional connectivity hypothesisuggests that functional specialisation of
ventral visual areas is influenced by connectivity patterns between thesmerfitioned areas and
specialised networks elsewhere in the brain (e.g., left lateralisesh-aetiwork - Mahon &
Caramazza, 2009; Mahon, et al., 2007). Thus, in addition to being constrained by the organisatio
of its input (the organisation of early visual cortex), the visual systganisation may also be
constrained by the organisation of its output (the functional organisation of deamstetworks).

By investigating the organisation of haselkective and tool-selective responses in the left lateral
occipiototemporal cortex, will provide evidence (Study)2supporting the hypothesis that the
functional organisation of high-order visual cortex is partly determined biypleeof information

that objects provide and by the need to convey this information to speciaksedbtworks via
specific connectivity constraints. In other words, the type of informaironided by category
representations (as both hands and tools are important in action perceptioiwiexemnstrained

by functional connectivity patterns that exist between the visual system and manst
specialised brain networks (i.e. the left lateralised frontoparietanagystem), may be critical in
driving the organisatiorof hand-selective and tool-selective representations in the left lateral

occipitotemporal cortex.

1.6. Study rationale

Taken together, the evidence reviewed in this general introduction demonstrates two main points ir
relation to the rationale of this work: 1) the visual systemnganisation consists of a constellation

of high-order visual areas which are highly specialised for visual processrgrfed number of
socially relevant object categories (i.e. faces, bodies and tools); and 2) a n@mbeyunts based

on object domain (i.e. domain-specificity hypothesis), type of processing (iextisgghypothesis)

and visual fields organisation (i.e. eccentricity bias hypothesis) have grepnsed as main
principles driving organisation of functional specialised high-order Vistgas. However, recent
evidence has challenged these accounts by demonstrating that non-visual object properties ar
connectivity constraints between specialised brain networks might iragaotint for the visual
system functional organisation (i.e. functional connectivity hypothesis). In the figd&arch
reported in this thesis, by using different statistical analyses such \asiatel (i.e. group and

single subject analyses), multivariate (i.e. multivoxel pattern analysisjuaotional connectivity
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analyses, | will investigate the topics of category-selectivity andptheiples underlying its
organisation.

In Study 1, I will test the hypothesis that, similar to faces and bodies, the hurhaordéy
visual cortex houses selective substrates for visual processing of human hands. Human hand
provide the interface for our interactions with the external world andaowmittcon-specifics (e.g.,
communication, action, object interaction etc.). Moreover, humans’ unique manual dexterity iS an
important capability that sets our species apart from others. These observasionto Ithe
hypothesis that visual processing of hands may be selectively represented in the isudan v
cortex. Whereas in the monkey, neurons selective for hands have been reported, in hismans it
unclear whether areas selective for individual body parts such as the hstnd leixi experimental
question will be investigated in Study 1.

In study 2 and Study 3 | will investigate the very important and still open goestiout
the principles that drive spatial distribution of category-selective suibstin the visual system. As
proposed in this introduction, one possible account relates to connectivity constravesnbet
specialised brain networks. In other words, connectivity constraints dretspecialised networks
might force anatomical and spatial distribution of category-selective respamspecific locations
in the visual cortex. In Study 2 and Study 3, | test the hypothesis that spatial orgard$at
caegory-selectivity in the visual system might be influenced by functiomabectivity constraints
between specialised brain networks. To do so, | combine different fMRI analysgedtigate the
spatial distribution of two category-selective responses identified in this W) for tools and 2)
for hands.

In Study 4, | will address the extent to which visually evoked responses are separated f
the motorically evoked responses in the newly described left hand/tool network,stognof
lateral occipitotemporal and anterior intraparial areas. The rationale b#tiinéxperimental
question comes from results reported in Study 2 and Study 3 in which selectieetodtynwas
found between the occipitotemporal cortex (important for vision) and the irigtgbacortex
(important for visuomotor transformations). This suggests that hand and t@rlgé@gioccipital,
temporal and parietal cortices are part of a wider action-network subserving carogrative
processing. Therefore, functional interactibasveen dorsal ‘action-related’ and ventral “visually-
related’ areas suggest that information encoded within these regions might not be exclusively
visual in nature. This rationale is also supported by 1) existing neurophysiologidah&wifor

neurons that code both action observation and execution (di Pellegrino et al., h892) recent
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homologous evidence reported in humans showing the first visuo/motor crossmodal coding in
occipitoteporal and frontoparietal regions (Oosterhof et al., 2010). Theréidight of the results
reported in Study 2 and Study 3, together with existing evidence for visuo/motor crossmodal
coding in occipitotemporal and parietal regions, the question arises as to ewtesit
representations encoded in left LOTC and left alPSv hand/tool regions describedtiresis are
only visual in nature. This research question will be addressed in Studyedtiog imitation and

observation of hand-tool actions.

1.7. Study methodology

The studies reported in this thesis investigate the functional organizz#tthe human ventral
visual system by means of functional magnetic resonance imaging (fMRI). Bydi@etp reveal

neural responses associated with cognitive performance, fMRI has dramatically eadwamc
understanding of human brain organization since its advent. However, several other methods an
imaging techniques are available in the field of cognitive neuroscience. In this séatiiin,
provide an overview of the fMRI technique, describing advantages and disadvantagatsoim ticel

other methods and in relation to the topic under investigation in this.thegill also provide a
general overview of two fMRI analyses used in the studies reported irth#ss: namely,
multivoxel pattern analysis (MVPA) and functional connectivity analysishEurdetails of these
analyses will be described in the relevant experimental chapters of this thesis.

Functional MRI is a non-invasive technique that allows measuring changes in the
hemodynamic response (blood oxygenation dependent level, BOLD) wtagirasy measure of
brain activity (Boynton, Engel, Glover, & Heeger, 1996). Unlike neurophysiology, wheral neur
activity is directly recorded from cells, in functional MRI the relagiop between the BOLD
response and the underling neural activity is indirect. That is, the B@kponse measures
changes in the concentration of oxygenated haemoglobin in the blood flow teet ireffeases in
energy consumption required by neurons to fire in response to cognitive performatice te
rest (or relative to a different cognitive task). Although the BO&Eponse is an indirect measure
of brain activity, converging evidence shoasdirect relationship between hemodynamic changes

and the underling neural response (Logothetis & fikéeu2004.
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Among other non-invasive techniques available to investigate the functioningrafrttzan
brain such as electroencephalography (EEG) and transcranial magnetic stimuldd8h (T
functional MRI has the advantage of having relative high spatial resolutian.is[tithe standard
spatial resolution in fMRI is generally a voxel (which represents the smatigstf brain space) of
size 3 x 3 x 3 mrh(or smaller). Therefore, unlike other techniques with poorer localisation
accuracy (e.g., EEG), fMRI can uncover anatomical dissociation between funttteingre
underpinned by different but adjacent neural populations. For this reason, $MRiticularly
suited to investigate the topic at the core of the thesis: namely, théohahabrganization of
category-selective representations in high-order visual cortex. Sped@ution can be further
increased by reducing the voxel size (e.g., 1 x 1 x f)ranthe cost of temporal resolution, which
is already low in fMRI. Indeed, whereas at standard resolution (3 x 3 x*thertime required to
collect brain activity across the whole brain spans between 2 and 3 sezbhigh-resolution
imaging (1 x 1 x 1 mm) it requires 6/9 seconds, hence making neural correlates in response to fast
cognitive processing (e.g., task discrimination, reading) difficult to interpret.

Another way to overcome functional MRI limitations in regards to temporal acquisiti
to combine fMRI with techniques such as EEG and MEG that, although have poor spatial
localisation, can measure neural events with a precision of few millisecohdsefdre, the
synergy of highly precise localisation (fMRI) and temporal accuracy withirottler of a few
milliseconds (EEG and/or MEG) complement with each other, hence allowing sighific
increasing spatiotemporal high resolution.

Although fMRI is one of the most powerful tools in exploring how the human brain works,
it has one important limitation: inferring causality between brain activatiohtask performance.
Although fMRI reveals existing correlations between cognitive performance amddutaiity, it
cannot directly show the causal role played by these areas in supporting task exddusion
limitation can be overcome by combining fMRI with techniques such as TM&sianl methods
that address the causal relationship between brain regions and cognitive perfokteaace will
provide a short overview of the advantages and disadvantagesefid#nods and how they can
be combined with fMRI to reach higher methodological standards in the investigitiehuman
brain organisation.

The lesion approach, at the core of neuropsychological research, makes uselatfawr
between brain injury and behaviour to infer the role of a specific la@@a with respect to

cognitive functions. Therefore, clinical data are valuable sources to complemeaoimagumg
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techniques in assessing the causal relationship between observed behaviour andlfionaion
activation. However, the lesion approach has some limitations mostly associatéidewiaiture of

brain injury. That is, this approach is based on the assumption that a mstnatemical location
(location of the brain lesion) carries out a specific cognitive function ufuisd behaviour
assessed), hence making inference on region functional specialisation witmsidedog
functional interplay between brain networks. Indeed, a given lesion might dismgitonal
interconnections between remote areas that form part of the same network, hdimae tiea
behavioural deficits, even though the affected area might not directly serve information processing

Unlike lesion methods, TMS provides a unique tool to study both the causal relaionshi
between brain areas and cognitive functions, and the functiateriactions between brain
networks. TMS is a non-invasive technique that can be used to study human brain function by
interfering with ongoing brain activity during task execution and monitoringefifiects on
behaviour. Hence, this method can help establish causal links between brain structuregiand func
(the soealled ‘virtual-lesion approach’). Moreover, TMS can be used to investigate functional
networks. Indeed, the application of repetitive TMS over a specific area can ieffaces in
remote bu@amatomically connected areas where TMS-related effects on task performance (and on
brain activity if combined with fMRI) can be measured. However, TMS has several disaghsant
such as low spatial resolution and limited possibility to interfere witictsires that are situated
deep in the brain (e.g., amygdala, hippocampus, etc.).

Although functional MRI has greatly advanced our understanding of the brain’s functional
organization, it has some limitations. One way to reduce these limitationsasntoine different
methodological analytic approaches. The studies reported in this thesis corabiadanalyses
(e.g., univatiate methods) with more advanced analyses such as functional conrestaiyisys
(Roebroeck, et al., 2005) and multivoxel pattern analysis (MVPA, Haxby et al., 260haN et
al., 2006). These analyses allow for a more accurate investigation with respleetrole of the
functional interplay between brain networks in shaping the organization of catsdecyive
representations and their information content.

In several studies reported in this thesis (Study 2, Study 3 and Study 4), | combine
univariate analyses with MVPA analyses to investigate the response-pattern distribfiti
category-selective areas in high-order visual cortex. The key advantage of MVRxatiit
increases the level of sensitivity in fMRI data analysis. Whereas univariaigsemdest for

statistically significant differences in response to different conditiorsmett voxel, multivariate
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analyses consider the response pattern across multiple neighbouring voxels. Mierefisre
sensitive to differences in fine-grained patterns of activity e ahsence of significant activity
differences. Therefore, the use of multivariate approaches combined with standadate
approaches will drastically increase sensitivity in the fMRI data analysds respect to
disentangling between anatomically close but dissociated category-selectigsenggtions in
high-order visual cortex.

Finally in Study 2 and Study 3, | will use functional connectivity analystefiRoeck, et
al., 2005) to investigate how functional interconnections between high-order visasl and
downstream functional networks might influence organisation of high-orsigal\areas. This type
of functional connectivity analysis (for Granger Causality Mapping see, Rokbebed., 2005)
can reveal significant temporal correlations between the time course of a specific brain redion (see
region) and other regions in the brain. Although the data acquisition tisec)2and the blocked
design used in these studies did not allow for establishing directed (causagtootynbetween
brain regions, instantaneous correlation maps give a measure of functional sityrieetiveen
brain areas by revealing voxels in the brain where the BOLD signal time courskates with the
BOLD signal time course of the seed region. This analysis nicely complements fMRI dtandar
activation analysis (i.e. ROI analysis) in advancing our understanding of fumhcinbeplay
between brain networks. To summarise, the combination of standard fMRI analysadwsiticed
methodological approaches (i.e. MVPA and functional connectivity analysis) nedtlg benefit
investigation of high-order visual cortex organization at the core of the chseajectives

proposed in this thesis.
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Chapter 2

Study 1: Dissociable neural responses to
hands and non-hand body parts in human left
extrastriate visual cortex

2.1. Overview

In the general introduction it was described how accumulating evidence fgoai®ap of visual
regions encoding specific categories of objects, such as the extrastriate bodyB#kgaThis

region in the human extrastriate visual cortex has been implicated in the visual processing of bodie:
and body parts. Whereas in the monkey, neurons selective for hands have been reported, in huma
it is unclear whether areas selective for individual body parts such as thexisin@tgs chapter
reports two fMRI experiments designed to test for hand-selective respongke imuman
extrastriate visual cortex. These results provide evidence for a representatiom lodnd in
extrastriate visual cortex that is distinct from the representation of theasodywhole and other

body parts.

2.2. Introduction

Social interactions are at the core of our common everyday experience. Identifying other people
based on their facial and bodily features, and understanding their behaviours aimh#feomn

their movements, are highly complex yet mostly effortless tasks for hurwansQverwalle &
Baetens, 2009). As described in the general introduction, within the human cortex @euaia

areas have been found to be selective for static depictions of human physical featureas Wher
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FFA (FFA, Kanwisher, et al., 1997; Puce, et al., 1996) in the lateral fusidgrus and OFA

(OFA, Rossion, Schiltz, & Crommelinck, 2003) in the ventral occipital lobe endedel\aspects

of human faces, the EBA (EBA, Downing, et al., 2001) in the lateral occipitotempotrek erd

the FBA (FBA, Peelen & Downing, 2005) in the lateral fusiform gyrus encode whole lzouies

body parts. Converging evidence from lesion and TMS studies indicate that ventro-temporal and
lateral occipitotemporal cortices are indeed causally associated with facedyndigcrimination
(Barton, 2003; Damasio, Damasio, & Van Hoesen, 1982; Moro, et al., 2008; Pitcher, @d%l., 2
Steeves, et al., 2009; Urgesi, Candidi, lonta, & Aglioti, 2007).

One body part in particular, the hand, is of great significance in daily lifeex@mnple,
while communicating, we use hands to emphasise our speech and to direct people’s attention.
Moreover, while learning how to use new tools, we dipsgbserve how the model’s hands
manipulate the object. More crucially, in action execution, online visual atoistrapplied to
monitor and correct the direction of the hand, even when performing simple toegresp
movements. Manual dexterity is an important capability that sets humansrapadther species
(Napier, 1956). Considering the unique role played by the hand in our abilityetadntvith the
external world, the question arises as to whether or not the hand magdialgl represented in
the human visual cortex.

Pioneering neurophysiological studies in the inferior temporal (IT) cortex asaque
monkeys (Desimone, et al., 1984; Gross, Bender, & Rocha-Miranda, 1969) have provided evidence
for neurons selectively responding to the sight of the hand. In humans, evidehardeselective
neural responses is limited, with studies mostly focusing on investigh@rgglectivity of assorted
body parts or whole bodies rather than individual body parts (Peelen & Do&0ibig), (for recent
findings of body maps in the lateral occipitotemporal cortex, see Orlov, Makiiohary, 2010)
Nonetheless, initial evidence for hand responses comes from fMRI (Op de Beeck, Brants, Baeck, &
Wagemans, 2010) and ERP (McCarthy, et al., 1999) studies demonstrating higher responses t
hands as compared to torsos or faces in restricted parts of the human ecuutat cortex.
Furthermore, it was shown that distributed fMRI response patterns in multiple redivissial
cortex discriminated between hands and torsos (Op de Beeck, et al., 2010). These rgsslis sug
the existence of hand-selective responses in human visual cortex, although hwel#agations
that include additional body and non-body control conditions are needed to strengthen the evidenc

for this hypothesis. Furthermore, it is unknown how putative hand-selective respeansestad,
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both functionally and anatomically, to known body-selective responses in EBA. Fieslhpnse
properties of a putative human hand-selective region remain largely unknown.

Here, | present 2 experiments providing evidence for hand-selective fMRI responses in th
human visual cortex. In Experiment 1 the fMRI responses to hands, whole bodies, assorted body
parts, chairs, and hand-held tools are measured. This experiment allows testing feelbeince
responses relative to both body and non-body control conditions. It also alloves dmect
comparison between possible hand-selective and body-selective responses (EBA). In ExBeriment
the functional profile of hand- and body-selective regions is further inagstidoy measuring
responses to hands, fingers, feet, assorted body parts (arms, legs, torsos), and noalhiatobi
like stimuli such as robotic hands. In addition, this experiment tested for resptettiise to

other non-hand body parts (feet, fingers).

2.3. Material and methods

2.3.1. Participants

Fifteen naive volunteers with no history of neurological diseases took part inireeperl.
Fourteen of the volunteers also took part in Experiment 2. All subjects vgintehanded as
assessed by the Edinburgh Handedness Inventory (Oldfield, 1971). Due to excessive lmead moti
one subject was excluded from the data analyses. Participants gave informed consent and the stut
was approved by the Ethical Committee of The School of Psychology and Sport Sciences of
Northumbria University and Newcastle Magnetic Resonance Centre, School of ClinicabMedic

Sciences, University of Newcastle-upon-Tyne.

2.3.2. Material and apparatus

For each stimulus category we presented 65 different greyscale photographs one a whit
background. Stimulus presentation was controlled by a PC computer running Psychophysics
Toolbox package (Brainard, 1997) in Matlab (Mathworks, Natick, MA, USA). Piturmere

projected (Canon Xeed SX6 projector) onto a screen located at the foot of the scanner bed and wel

viewed through a mirror mounted on the head coil.
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2.3.3. Experimental design

Each experiment consisted of two runs lasting 7 minutes 14 seconds, corresponding to 217
functional volumes. Each functional run comprised 25 stimulus blocks and 6 fixatios.iegh
stimulus was presented only once within a run. Runs were organised into quasi-szogemces

of five stimulus blocks (one for each stimulus category) followed by periods ofofixan
Experiment 1 stimulus categories were: hands, whole-bodies, body-parts, tools and ekairs (s
Figure 2.1a). In Experiment 2 stimulus categories were: body-parts, hands, fingers, feet and
robotic-hands (see Figure 2.4a). Whole body stimuli did not have heads but they did have hand:
(this choice was made in order to keep the concept of whole body intact). Bogtispalitdid not

include either feet or hands. Hand stimuli depicted both left and right hands Iraetuat and

were captured in resting position viewed from a third person perspective. It anly of 65
pictures could the hand posture imply some sort of grasping pose. Robotic-handsongted

from internet websites and only a subgroup showed grasping postures (18 out of 65). \Within ea
block, stimuli were presented for 800ms, with a blank inter-stimulus inteG@lqt 200 ms for a

total block time of fourteen seconds. Subjects were asked (1) to fixate tdveacgrtre of the
screen during the whole scan, and (2) to perform a one-back task by pressitignawitin the

index finger any time the same image was presented twice in a row (withibleektone or two
images were randomly repealedo avoid the possibility that the response activation might be
affected by the order in which experimental runs were presented, the presentatiarfi bodlerthe
experiments and the runs within each experiment was counterbalanced across partz#pants.
from both experiments were collected within a single scanning session and redirtglras given

to participants at any time during the session.

2.3.4. Imaging data acquisition

All images were acquired using a Phillips Achieva 3T scanner with a SEMGB&astl 8-channel
birdcage head-coil. The functional gradient-echo echoplanar T2*-weighted imageswiEPl)
BOLD contrast were acquired using TR of 2s, TE of 30ms, FA of 90 deg, FoV 192 andxa matr
size of 64 x 64 pixels. Each functional image consisted of 30 axial slices (4.0 mm thickness with no
gap) which covered the whole cerebral cortex. T1-weighted anatomical scans weedalsing

TR of 9.6, TE of 4.6, a FA of 8 deg, a FoV 256 and a matrix of 256 x 208 pixels. We coll86ted

slices of 1.0 mm thickness.
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2.3.5. Re-processing and analysis

Imaging data for both experiments were analysed using Brain Voyager QXofvérSi Brain
Innovation, Maastricht, The Netherlands) using fisidowing steps. Individual subject’s imaging

data underwent high-pass temporal frequency filtering to remove frequenciestbedevcycles

per run, linear trend removal, 3D motion correction, spatial smoothing (6.0 mm Gaussiln kern
for the group-average analysis only) and were transformed into Talai@@otakic spacé
Talairach & Tournoux, 1988). Functional volumes were then aligned to the anatomigaksol
thereby transforming the functional data into a common stereotaxic space across subjects.

Data were analysed using a general linear model (GLM), and a random-effect GLM was
used for the group average analysis. The model included five experimental prédivtdicr each
stimulus category in each experiment) and 6 motion correction predixtgrs for translation and
for rotation). The periods of fixation (14s) were used as baseline. The exptipredictors were
modelled as a transient (14s) epoch where the square-wave function was convolved with the defau
Brain Voyager QX “two-gamma” function designed to estimate the hemodynamic response. In the
averaged voxelwise group analysis, statistical activation maps were set tie tbliabhold levels
and cluster volumesp€ 0.005, minimum cluster size = 27) using Monte Carlo simulations
(performed using BrainVoyager QX) to verify that our regions of @stewere unlikely to have
arisen by chance as a consequence of multiple comparisons. In single-subject antadiensc
were defined in each individual at a thresholg<®.05 Bonferroni corrected.

In Experiment 1, for both the averaged voxelwise group analysis and the individual subject
analysis we first identified the active brain areas with a given comparisoterdst using odd runs
only. Analyses on the percent Bold Signal Change (%BSC), which were performec on th
individual subject data only, were extracted from the even runs only. The use of separaetsdat
to identify the statistical maps and to evaluate brain activity witldmtbircumvents the problem
of “circular analysis” (Kriegeskorte, Simmons, Bellgowan, & Baker, 2009), where the
independence of statistical tests for selective analysis is invalidated jatheresent in the
comparisons us to select the areas (procedures also called “double dipping”). For each ROI we
extracted the event-related time course from a 10 x 10 x 10 mm cube centred at peatraatidati
then we computed the %BSC for the peak response (by averaging 3 to 6 volumstnaiftas
appearance). The exact number of volumes was chosen in consideration of the shape of the pe:
activation on the averaged data. %BSC was then analysed by employing repeatatesnea
ANOVAs and post hoc pairwaise t-tests comparisons (Sidak corrected).
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The pattern of brain activity for the stimuli presented in Experimemtag tested by
localising hand-selective voxels using odd and even runs from Experiment 1 and extracting the
%BSC by using a 10 x 10 x 10 mm cube centred at peak activation using odd anagnsvieom
Experiment 2. Data were then analysed by averaging peak response (4-8 volumeslsing by
ANOVA statistics as above. As for Experiment 1, while brain activatietsted to a given
comparison of interest were localised by using odd runs only, the patteraifalstivity was

analysed using even runs.

2.4. Results

2.4.1. Experiment 1

Experiment 1 of this fMRI study served to localise the selective neural substrateual coding

of the human hand. In this experiment five different categories of visual stiratdi presented

using a block design paradigm: whole-bodies, body-parts, human hands, tools and chairs (Figure
2.1a and Material and Methods). We first compared whole-bodies and body-parts versus chairs
given that it is the typical contrast used to localise body-selective vox#ie iextrastriate visual
cortex, (e.g., EBA and FBA, Peelen & Downing, 2007) In order to localise a selective neural
response to hands, we similarly compared hands versus chairs. Figure 2.1b shows bd#ateral br
activations for both group average contrasts in the occipitotemporal cortex demunstritige
degree of overlap between regions activated in both contrasts: whole-bodies and tsodgrpas

chairs (body-preferring regions in EBA, orange colour coded) and hands versus chairs (hand-
preferring regions, white colour coded) (see also Table 2.1 for the Talairach ctesrdnall
activated areas). To investigate whether, despite a shared anatomical sitendipreferring
regions and the body-preferring regions in the lateral occipitotemporal sodieefunctionally
dissociated, we analysed the pattern of brain activity using percentdBRjnal Change (%BSC,

see Methods) extracted from these regions localised in individual subjecia. &tivity
underwent a 2x2x5 repeated measures ANOVA using Hemisphere (left and righd), oég
interest ROI (EBA, hand-preferring region) and Stimulus type (whole-bodies, body-panids,

tools and chairs) as within-subjects factors. ROIs were defined from indepelzdardets (see
Methods). Results revealed significant interactions for Hemisphere X Stitgpkig 4 52 =15.95,
p<.0001) and for ROI X Stimulus typeF§ s, =24.97, p<.0001) suggesting that, despita a

anatomical overlap, the different categories of stimuli activated each regiaerefst, and the two
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hemispheres, to a different extent (Figure 2.1c-f). Post-hoc pairwise comparisons%B3ke
revealed that, while hand-responsive voxels elicited higher activity for the $tamdli as
compared to body-part$,4£5.61, p<.001, see Figure 2.1c, 2.1d), body-responsive voxels in left
and right EBA showed a higher response to whole-bodies as compared tothaAd3b(p<.008,

see Figure 2.1e, 2.1f). Interestingly, while the response to tools wasichyi indistinguishable
from chairs >.05) within the body-preferring region, it was significantly higher than chatinsnw

the hand-preferring regior;4=6.16, p<.0001). In addition, we found a higher response to hand
stimuli in the left hemisphere (hands > body-patts3.65,p<.028, see figure 2.1c, 2.1e) and for
body stimuli in the right hemisphere (whole-bodies > hanhgs6.79, p<.0001, see figure 2.1d,
2.1f). These analyses suggest that, despite an anatomical overlap between body- and han
preferring regions, a different hemispheric lateralisation as well as a distinctisnpsHtactivation

to the different stimulus categories could be observed for the two regions (Figufe 2.1c-

Table2.1. Main contrasts, Brain areas, Volume, Talairach Coordinatesand t valuesfor averaged group datain
Experiment 1.

Contrast Brain region Vol.fnm Talairach Coordinates tvalue
X y z

WB+BP>C Left occipitotemporal cortex 3970 -46  -67 1 4.2
Left middle fusiform gyrus 1105 -39 41 19- 4.7
Right occipitotemporal cortex 7619 49 -60 2 4.2
Right middle fusiform gyrus 1105 42  -46 19 - 4.7

H>C Left occipitotemporal cortex 2670 47 -67 1 - 4.2
Right occipitotemporal cortex 1632 49  -65 -1 4.2

WB+BP>H+C Left occipitotemporal cortex 1539 A7 -72 3 3.3
Left middle fusifor gyrus 362 -36  -38 22 4.7
Right occipitotemporal cortex 5304 50 -62 2 4.7
Right middle fusiform gyrus 2660 40 -44 19 - 4.7

H>WB+BP+C Left occipitotemporal cortex 1031 -46  -65-1 3.3

H>BP Left occipitotemporal cortex 107 -43  -65 3 2.8

WH=whole-bodies, BP=body-parts, H=hands, C=chairs.
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Figure 2.1. Stimuli, averaged statistical maps and activation levelsin Experimentl. a. Exemplars of stimuli used in
Experiment 1: whole-bodies, body-parts, hands, tools and cha{soup analysis results are shown in the right and left
hemisphere of a single subject for the comparison of hands versus(ebxirsshown in white) and for whole-body and
body-parts versus chairs (WB+BP>C, shown in orang€).Average peak activity (%BSC) for each stimulus category
extracted from individual-subject brain areas functionally localised thighcomparisons illustrated in b. Error bars
represent standard errgy.. Group analysis results are shown in the right and left hemispharsiogle subject for the
more selective comparison of hands versus whole-bodies, body-parthars (H>WB+BP+C, shown in yellow) and
for whole-bodies and body-parts versus hands and chairs (WB+BP>He®n sh red).h-j. Average peak activity
(%BSC) for each stimulus category in the individual-subject brain aredséacaith the comparisons illustrated in g.
Error bars represent standard error.
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Next, we tested whether body-responsive and hand-responsive voxels can be anatomically
dissociated by adopting more selective contrasts. To this end, we localised bodyesglpatis

by comparing whole-bodies and body-parts versus hands and chairs, and hand-selective voxels k
comparing hands versus whole-bodies, body-parts and chairs. The first contrast gdicargigni
body-selective activation in the right and left lateral occipitotemporal cante in the left and

right fusiform gyrus (see Talairach coordinates in Table 2.1 and see alse Ridwy). The
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localisation of the hand-selective region in this analysis is now much more spedificthe
contrast of hands versus whole-bodies, body-parts and chairs showing a significant acinstion

in the left lateral occipitotemporal cortex (Talairach coordingted46 y=-65z=-1, see also Figure
2.1g). Furthermore, individual-subject analyses revealed that the hand-selectnenagievident

in each participant (see Figure 2.2, yellow colour coded and Table 2.2). Moreover, hand- and body-
selective activations in the lateral occipitotemporal cortices were segpidgaitn each other, with

the hand-selective response localised significantly more antdrtest(for they Talairach
coordinatesp=.002) to the body-selective response. Interestingly, the hand-selective region wa
largely confined to an area along the left lateral occipital sulcus (Damasio, 2008ynkFenience,

in the remainder of this chapter, we will refer to this highly robust haedtse response in the

left lateral occipital sulcus using its anatomical location (left LOSureiR.2). The use of an
anatomical landmark to label a functional activation has been previously apiedateral
occipital cortex for shape recognitienLOC, see (Malach, et al., 1995), and the middle temporal
gyrus for tool representationMTG, see (Chao, et al., 1999), and may also be appropriate here as
functional characteristics of the region might change with future studies. Foaotieerthis label is
intended to describe rather than to identify a distinct functional brain arealg¢seBiscussion).
Interestingly, contrary to EBA, the hand response in LOS appears to be mainlysiegenalthe

left hemisphere, with only 6 out of 14 subjects showing bilateral hand-selective activation.

To demonstrate how EBA and left LOS, as defined with the more selective contrasts,
functionally differ from each other, single subjects’ %BSC underwent a 2x5 repeated measures
ANOVA using ROI (left-LOS, right-EBA and left-EBA) and Stimulus type (whbtalies, body-
parts, hands, tools and chairs) as within-subjects factors. The results revealed a maof effec
Stimulus type £ 50 = 48.9,p<.0001) and, more importantly, a significant interaction of Stimulus
type X ROI €@52-16.6, p<.0001) demonstrating that the functional properties of these regions
differ from each other (Figure 2.1h-l). While left LOS elicited a sigaiitly higher response to
hands as compared to whole-bodieés=6.13, p<.0001), body-partst{z=6.62, p<.0001), tools
(t15=7.06,p<.0001) and chairg6=11.22,p<.0001) without distinguishing between whole-bodies,
body-parts and tools, activation in right EBA was higher for whole-bodies and bodyagarts
compared to hands$;£12.35,p<.0001;t,:=4.38,p<.001 respectively), toolg;6=11.95, p<.0001;
115=6.76,p<.0001, respectively) and chaingz£12.26, p<.0001;t,5=7.75,p<.0001, respectively).

In addition, and in line with previous findings (Taylor, et al., 20@)ole-bodies elicited higher
activation than body-parts in the right EBAs£3.65,p<.05). Moreover within right EBA, hands
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elicited a significantly higher response as compared to non-biological stimub: (tge5.10,
p<.005; chairst;3=5.33,p<.005). Within left EBA, we found that hands, whole-bodies and body-
parts were statistically indistinguishabje>(10) and showed similar significantly higher responses
as compared to the non biological stimuli represented by tools and chairs (for pHrisam,
p<0.05). Overall, the above results indicate that the functional profleftdfOS differs from that

of EBA, with left LOS being selective for the visual processing of the human hand conpd#red t
rest of the body. Furthermore, while tool stimuli activated left LOS faignitly above baseline

and significantly more than chairssf6.56, p<.0001), both tools and chairs did not elicit any

detectable activation in either right or left EBA (Figure 2.1h-i).

Figure 2.2. Individual statistical maps for hand-responsive and body-responsive voxels in Experiment 1. The
position of hand-selective voxels localised by comparing hands versile-tddies, body-parts and chairs
(H>WB+BP+C, highlighted in yellow) and of body-selective voxels (EBA) lised by comparing whole-
bodies and body-parts versus hands and chairs (WB+BP>H+C highlighted)) in Experiment 1 is shown
in the clearest transversal slice of each participant. Averaged statistical mapsrigiweémage) for the
hand-responsive area within left LOS and the body-responsive area iandyteft EBA are overlaid oat
the slice of a single participant for clarity. As clearly shown, while thel helated response in left LOS is
mostly lateralised to the left (left LOS = 14/14 participants; right LOS = Gétticipants), EBA is bilaterally
represented (left and right EBA = 14/14). In addition, in most of phkicipants (10/14) left LOS is
positioned anterior to left EBA. L=left, R= right.
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Table2.2. Talairach Coordinatesfor single subjectsin Experiment 1 for the contrast of hands ver sus body-parts
and hands ver sus whole-bodies, body-parts and chairs.

H>BP H>WB+BP+C

Subjects Talairach Coordinates Talairach Coordinates

X y z X y z
1 -41 -72 -1 43 -71 -2
2 48 -62 0 46 -62
3 46 -69 3 44 -69 3
4 45 -54 12 47 -55 13
5 45 -68 -4 45 -68 -4
6 52 -60 0 44 -61 2
7 46 -64 2 46 -63 1
8 42 -67 7 42 -67 5
9 42 -58 -1 44 -67 5
10 -42 =77 9 43 =77 7
11 -49 -72 4 49 -71 3
12 -42 -69 -5 42 -70 -6
13 -42 -69 11 -43 -68 11
14 -43 -69 -3 43 -70 -5

WH=whole-bodies, BP=body-parts, H=hands, C=chairs.

To confirm the hand versus non-hand body-part preference of left LOS, we computed the
more direct and conservative comparison of hands versus body-parts, both at group level and i
individual subjects. In the group analysis, results revealed a hand-selectiatiactin the left
hemisphere onlyxE-43 y=-65 z=3, Figure 2.3c and Table 2.2) overlapping with the left LOS
region defined with the contrast hands versus whole-body, body-parts and chairs. The same
comparison was applied to single subject’s data and (Figure 2.3a and Table 2.2) the activated areas
for hands versus body-parts were localised in the left hemisphere in alipaattsc(14/14 left
hemisphere; 6/14 right hemisphere). Indeed, both contrasts (H>BP, and H>WB+BP+C) activated
highly similar regions as indicated by nearly identical Talairach coordi(iBaéée 2.2) that did not
significantly differ p>.34, forx, y, andz coordinates). Subsequently, the functional profile of the

left LOS region defined by hands versus body parts was investigated. Sibglets31$6BSC
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underwent a repeated measures one-way ANOVA using Stimulus type (whole-bodies, body-parts
hands, tools and chairs) as within-subjects factor. The results (Figure &/8a)ed a main effect

of Stimulus type K13 = 34.28,p<.0001) and post hoc analyses confirmed previous results
showing a significantly higher response to hands as compared to whole-bgd®23%, p<.002),
body-parts f45=5.76,p<.001), tools t;z=5.61, p<.001) and chair£8.58,p<.0001). Importantly,
whole-bodies and body-parts were statistically indistinguishable when compared to leach ot
(p=1) and versus tools (for both comparisops0.925). Interestingly, the two non-biological
stimuli showed different responses in left LOS: while tools were significaigher than chairs
(t15=5.35, p<.001), the latter were significantly inferior from baseling=(5.28, p<.0001) and

significantly lower than all the other categories of stimuli (for all compasip<.003).

Left LOS /48
Hand %

Figure 2.3. Individual statistical maps and %BSC for the direct comparisons of hands versus body-parts and
body-parts versus hands in Experiment 1. a. The position of hand responsive voxels localised by comparing
hands versus body-parts (H> BP, yellow colour coded) and of tesghonsive voxels (EBA) localised by
comparing body-parts versus hands (BP>H, red colour codeB¥periment 1 is shown in the clearest
transversal slice of each participantAverage time course (%BSC) from each participant for each stimulus
category in Experiment 1 is shown for the comparison of ©iaedsus body-parts in left LOS. Error bars
represent standard errat.Averaged statistical maps for hand response in left LOS and for bsplgrse in
right and left EBA are overlaid onto the slice of a single participant for clartgft, R= right.
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2.4.2. Experiment 2

Questions arise as to the specific properties of the hand-selective regioa leftt LOS. h
particular, (1) is the left LOS specifically responsive to hands or moreaigrtervisually similar
subcategories of body parts (for example feet)? (2) does the left LOS rdsptiredhand as a
whole or to a single part of it (for example the fingers)? and (3) thedeft LOS respond to non-
biological stimuli that resemble the hand in terms of their function (for exampleablaoids)? To
answer these questions in Experiment 2 we measured the neural response of left L@8st@ima
fingers, feet, robotic hands, as well as body-parts and hands (Figure 2.4a). Given the stronc
lateralisation for the hand response, we focused our analyses in the left hemispHereeanh
individual participant we first localised EBA and LOS in the left hemispheregisns of interest
using the main contrasts and data set of Experiment 1 (hand contrast: hands versimdibs)
body-parts and chairs; body contrast: whole-bodies and body-parts versus hands and’lkkairs).
%BSC in individually-defined left LOS and EBA underwent a 2x5 ANOVA vRiDI (left LOS,

and left EBA) and Stimulus type (hands, feet, fingers, robotic hands, and body parts, - see Figure
2.4a) as within-subject factors. Results revealed a main effect of stinypleiSF, 45 = 9.66,
p<.0001) further qualified by an interaction between ROI X Stimulus t¥pe 4 = 30.15,
p<.0001) indicating that the two regions responded differently to the stimuliF{ge2.4 b-c).
Within left EBA, activation for body-parts did not differ from feet and hanmhands but was
significantly higher than fingerd:(=4.45,p<.01) and robotic-hands,4=4.30,p=.01 - see Figure
2.4b). Conversely, within left LOS brain activity for human hands was signifiy greater than
body-parts t,=5.71, p=.001), feet 1,=3.40, p<.05), and fingerst{,=3.54, p<.05), and despite
showing a tendency, did not significantly differ from robotic-hangs3.15, p=.079 - Figure
2.4c). For completeness, we repeated the analysis by localising left LOS witmotfee
conservative contrast of hand versus body-parts. The %BSC for left LOS underamatway
repeated measures ANOVA with Stimulus type (hands, feet, fingers, robotic handedgrhrts)

as within-subjects factor. Results revealed a main effect of stimulusRypg,E 20.11,p<.0001)
indicating that in the left LOS brain activity for human hands was signilicgreater than body-
parts {1,=5.98, p=.001), feet 1,=4.18, p<.013), and fingerst{,=3.87, p<.023), and despite
showing a tendency, did not significantly differ from robotic-hangs3.22,p=.068).
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Figure 2.4. Stimuli and activation levels for Experiment 2. a. Exemplars of stimuli used in Experiment 2:
fingers, body-parts, hands, feet and robotic-habes. Average time course (%BSC) for each stimulus
category in Experiment 2 in left LOS, functionally localised in eaclividual by comparing hands versus
whole-bodies, body-parts and chairs (H>WB+BP+C) and EBA (averaged &&ftossd right hemisphere),
functionally localised in each individual by comparing whole-bodies ang-pads versus hands and chairs
(WB+BP>H+C) for odd and even runs of Experiment 1. Error bawesent standard error.

In addition we tested whether, as found for hands, feet and fingers may alse axtsegiarate
portion of the visual cortex. To do so, we compared feet versus body parts and fingerbadysus
parts using odd runs only. No significant activations were found for either coratrdbes chosen
threshold (or aa more liberal one, for example=0.05, uncorrected for multiple comparison). We
also performed the comparison at the level of single subjects. Signiéicimation in the &
lateral occipitotemporal cortex was found in 9/13 participants for theastrfeet versus body-
parts, and in 12/13 participants for the contrast fingers versus body-parts.

The %BSC (peak activity averaged 4-8 volumes) was extracted from eaclippattic

(using even runs only) for the comparison of finger versus body-parts and feet bedsuparts
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(localised by the use of odd runs orgy0.01 uncorrected) and then submitted to two separate one-
way repeated measures ANOVA using Stimulus type (fingers, body-parts, hands, feet; robotic
hands) as within subjects factor. %BSC for fingers versus body-parts reveatgifieasit main
effect of stimulus type Ha 44y =6.16, p=.0001) with hand being the only stimulus that was
significantly different from body-part$£.046). Fingers showed a trend toward significance when
compared to body-partg<£.056), but were statistically indistinguishable from all the other stimuli
(including hands, see Figure 2.5a). %BSC for feet versus body-parts revealedieanignifin
effect of Stimulus typeHq 320 =9.95,p=.0001) where body-parts were found to be significantly
different from feet |§=.044), handsp=.002), and robotic-hand$<.043), which in turn did not
differ from each other (see Figure 2.5b). All the other stimuli did not differ from eaah othe

The pattern of activation found for fingers versus body-parts and for fees \mdy-parts
does not reveal a preference for either fingers or feet respectively given that they both did not differ
from hands. Interestingly, no significant difference was found when we comiberédhlairach
Coordinates of hands versus body-parts, whole-bodies and chairs, with fingers versus body-part
(p>.118 forx, y andz) and with feet versus body-parts p=.016,y, p=.27, z, p=.88). Therefore,
%BSC in both areas suggested a lack of selectivity for both feet and firigaré showing that
there was no significant difference between feet and hands and between fingers andeeands (s
Figure 2.5a,b). As expected, the contrast hands versus body-parts again gave sigmficamhy (
adivation in left occipitotemporal cortex (Talairach coordinateg!3y=-64z=2).

Fingers IHands Body-parts Feet Robotic-hands
a b
1 1
08 Finger versus Body-parts 08 Feet versus Body-parts
0.6 06 -
3
@ 04 I 04 |
® 02 02
0 0
02 02|
-0.4 04

Figure 2.5. Activation level for fingers versus body-parts and feet versus body-parts in Experiment 2. Average
time course (%BSC) for each stimulus category in ExperimensRoiwn for the comparison fingers versus
bodyparts ) and feet versus body-parts) (n each single participant. Error bars represent standard error.
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2.5. Discussion

The two fMRI experiments reported in this chapter presesatédbnce for a ‘new’ category-
selective region responsive to vision of hands in human extrastriate vis. ¢daind-selective
responses were strongest in the anterior portion of the left lateral aksipdus. Two experiments
demonstrated the functional preference of this region to hands relative itmsvaontrol
conditions, including feet and fingers that share several features with hangdsgfare part of the
hand and feet have five toes). The hand response was localised anterior andadjaselyt to
non-hand body responses. Interestingly, contrary to EBA, the hand response in the LOS was
strongly left lateralised. Indeed, all 14 participants showed a hand response fh lleenlsphere
whereas only 6 participants also showed a similar activation in the haghtsphere. These
findings are in line with previous evidence reporting the existence of (i-d&lective cells in
monkey IT (Desimone, et al., 1984; Gross, et al., 1969), (2) a larger number afebpadsive
ERP sites in the human left temporal lobe (McCarthy, et al., 1999) and (3) handses. to
specificity in the human visual cortex using fMRI (Op de Beeck, et al., 2Bik@lly, the present
data provide the first evidence for a double dissociation in the lateral otmimgoral cortex
between the representations of a specific body part such as hands inltkS|€fthere activation

for hands was higher than both whole-bodies and body-parts) and bodies in gereraigarby
left EBA (where activation for both whole-body and body-parts were higherhidnaas). Indeed,
while previous work (Op de Beeck, et al., 2010) showed higher activation for hands as compared tc
torsos and faces in the lateral occipitotemporal cortex, it did not findisaqtly greater responses
to torsos than hands - a preferred response to torsos as compared to hands was repiortbe only
right fusiform gyrus. The selective response to hands but not torsosagrdement with our
findings, and suggests that hands more than other body parts are selectively repnegbeted
lateral occipitotemporal cortex.

What do our results suggest about the organisation of body part represeritatibas
human lateral occipitotemporal cortex? One possibility is that seleepresentations exist for
some, or perhaps all, individual body parts, with the EBA being the collection of tEsate
representations (Orlov, et al., 2010). Alternatively, the hand, similar to the dackl be a
“special” body part and distinctive among other body parts in eliciting selective responses in the
human high-order visual cortex. Indeed, the way we interact with co-specificstaritievexternal
world is continuously mediated by our hands, starting with learning howatkeiidod, following

by pointing at objects to name them, continuing with learning how to count @teg and then
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developing into more complex abilities such as gesture communication and tool-use
execution/understanding. In light of the special role played by hands in our daily expérisnce
therefore not surprising that hands, like faces, are selectively remeésenisual cortex relative to

other body parts. However, it should be pointed out that, despite the absence of a selective respon:
to feet and fingers in the current study, we cannot rule out that a less conserwatrest (for
instance feet versus chairs and fingers versus chairs) would uncover such responsedutirally
experiments using high-resolution fMRI (Schwarzlose, Baker, & Kanwisher, 2005)MRO f
adaptation will be useful to test for the existence of separate body pasergpt®ns within EBA

and the extrastriate visual cortex more generally (as initially reported in Orlaly, 2010).

Regardless of whether the hand response in left LOS is a unique functional negion o
should instead be considered a sub-region of EBA, it clearly shows a distinct functional
specialisation in the present studies. The left LOS, but not EBA, responded to nam-fulrotic
hands and partially to non-biological stimuli such as tools, but not to othest®lsjuch as chairs.
This response profile may relate to recent findings suggesting a broaderaticodof neural
activity in visual areas from other modalities, such as semantics (Mahon, 20G8), tactile
information (Amedi, et al., 2001; Burton, Snyder, Diamond, & Raichle, 2002) and maimm act
(Astafiev, Stanley, Shulman, & Corbetta, 2004). In this respecthth&n’s unique manual
abilities to manipulate external objects and tools might influence the informatimoded within
left LOS. The relevance of occipitotemporal regions in storing not only vidyett information,
but also motion and associated action knowledge with it, gained support iesacgfezkperiments
by Beauchamp and colleagues (Beauchamp, et al., 2002, 2b@se reports showed that while an
area in the posterior part of the superior temporal lobe (STS) ardedosuperior to the motion
area MT (Grossman, et al., 2000; Grossman & Blake, 2002) responds toelavelg-form and
motion, a region within the posterior middle temporal gyrus (MTG) anterior rdeddr to MT
responds to tool-associated form and motion (Beauchamp, et al., 2002, 2003). Interestingly,
anterior to left LOS in the left MTG a selective response to tools has bédely veported (Chao,
et al., 1999; Valyear, et al., 2007; Valyear & Culham, 2009), but see also Doavairgp-workers
(Downing, et al., 2006). A number of imaging studies support the role of left MT8ding not
only the visual form of tool but also conceptual knowledge and tool-associated actider,(B
Desai, Graves, & Conant, 2009; Devlin, et al., 2002; Martin, Haxby, Lalonde, Wiggs, &
Ungerleider, 1995; Martin, et al., 1996). In support of these findings, clinicaést(tanel, et al.,

1997; Tranel, Kemmerer, Adolphs, Damasio, & Damasio, 2003) showed that lesions involving left
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MTG cause impairments in action knowledge associated with objects. In this redmect
observation that left LOS, but not EBA, responds to tools may refleadangc of motion
information of hand actions associated with tool use.

Interestingly, in contrast to the predominantly right hemispheric laterahsati other
visual body and face selective regions, such as FBA (Peelen & Downing, 2005) Kairvigher,
et al., 1997), OFA (Puce, et al., 1996) , and EBA itself (Downing, et al., 20@1hand response
in LOS showed a strong left hemispheric lateralisation. Neural mechaaignding hands being
primarily lateralised in the hemisphere dominant for human praxis suggests an ashmastag
structural organisation that allows fast inter-nemispheric connections betwarmregions in left
occipitotemporal cortex representing hand visual form, hand motion, and tool-actiongftand |
frontoparietal regions subserving planning and guidance of hand actions (Goodale & Mil@er, 199
Rizzolatti, Luppino, & Matelli, 1998). In line with this, clinical studieeport tlat while left
frontoparietal and parietal lesions frequently induce postural and spat@iredrerrors in gesture
imitation and object usage (Buxbaum & Saffran, 2002; Haaland, Harrington, & Knight), 2000
lesions within the left temporo-parietal junction compromise the conceptual dagsviof the
correct hand movements associated with a specific object (De Renzi & Lucchelli, 1988). A
interesting avenue for future research is to test the role of left LOS in the observation and executior
of object-directed hand actions, and to investigate functional connectiityebn the hand-
selective region and other regions implicated in these processes (e.g., fséatdrontoparietal
action network). Indeed, the body is not a passive entity but mediates our ioteraithi the
external world. This bidirectional interactive experience is likely t@ritecal in modulating and
shaping functional brain organisation.

In conclusion, the experiments reported in this chapter provide evidence foil neura
representation of the human hand in the left occipitotemporal cortex. EBAehasatly been
regarded as a uniform neural substrate dedicated to visual body processinge3hkséndicate
that segregated body-part representations may exist within the lateral ¢epipiboal cortex, with
the hand being selectively represented relative to other body parts. Interedtmdgyt LOS hand-
selective region (unlike the nearby body-selective region) showed strongeri@etigananimate
tools relative to the other inanimate object category (chairs). Although handedsdliffer in
many respects such as visual appearance (e.g., shape, colour and texture) and obje¢te&omai
animate vs. inanimate), nevertheless they are functionally linked with each atheoramon

involvement in action-related processing (i.e. object interaction and object nadioipul
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Therefore, (1) the necessity to send visual information about hands and theldefh lateralized
praxic system to subserve action-related processing together with (2) funaamactivity
constraints that exist between the praxic system and the visual corteXonghvtisual processing
of hands and tools within corresponding anatomical locations in high order wstak. In
support of this hypothesis, evidence for left lateralised represmnfati both hands (Bracci, et al.,
2010) ard tools (previously reported in Chao, et al., 1999), suggest a possible rdle lafitt
lateralised praxis system in driving this hemispheric specialisation. In othels wfunctional
connectivity between the visual system and the functionally specialised froatapbaction-
related network may constrain localisation of hand-selective and tool-seleegikesentations in
the left LOTC. Both the issue of possible overlap between selective activatibarfds and tools
and the issue of possible modulation by the action system need further exploration.

The relevance of these issues is as follows. If previously reported activatioisdat
depictions of tools overlaps with visual depictions of hands, then this woesdiomu the nature of
such activation. Visual activation for tools (as well as bodies, facésietgenerally thought to
reflect visual recognition and identification. Overlapping selectivitybfith tools and hands would
suggest instead relevance to praxis rather than visual recognition. Such functianaaion of
high-order cortex to reflect non-visual object dimensions would provide riosight into the
organisation of the visual cortex with potential far reaching implicatioroiorunderstanding of
the visual system. Although we found a suggestion of overlap between activation forahends
tools in the findings reported in this chapter, such overlap needs to be assessed in muchainore det
in order to provide firm evidence. Furthermore, rather than demonstrating metaposad
speculating about how this may reflect non-visual object dimensions inisinal gystem, it is
desirable to find evidence for a more direct link to praxis, such as modutditibe visual system
by downstream action systems. These two aims form the basis of the ratior&tledipoP reported
in this thesis. In the next experimental chapter | will report investigatioriofuctional and
anatomical association between hand-selective responses found within left LOSe arehtby
tool-selective area (left MTG-TA, as reported by Chao et al. 1999)th&)ole of functional
connectivity between the visual system and areas part of the action-relatedknetwoiving
functional specialisation of hand-selective and tool-selective areas in thectgfitotemporal

cortex.
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Chapter 3

Study 2: The functional organization of hand
and tool responses in visual cortex reflects
the organization of downstream action
networks

3.1 Overview

The observation that the hand-selective area LOS (but not the neighbouringrédpAnds to
inanimate tools (but not to other objects) has important implications for understandingenthat ar
principles that drive functional organisation of category selective are¢he visual system. Up to
now accounts addressing this research guestion have focused on, and shown evidenceléor, the rc
of theobject’s visual properties (e.g., shape similarity, retinal eccentricity) and dbgct’s domain
(e.g., animate vs. inanimate) in driving the visual system functional organisaltibough these
accounts can address important aspects of the visual cortex functional orggrizeyiao not yet
provide a full account (Amedi, et al., 2001; Amedi, et al., 2007; Mahon, et al., 20@9present
study will address the question of whether the functional organisation obfdgh-visual cortex
reflects non-visual object dimensions via influence of specialised networks asicthe
frontoparietal network associated to action execution and understanding. Tools and thamits di
visual appearance and object domain, yet they are functionally linked via comwodvement in
object-directed actions and manipulations. The findings reported in this chaptgstsiigat
overlapping hand- and tool-selective responses in the left occipitotemporal corex f@ht be
due to the constraint of connecting object information encoded in OTC with ibe-ggécific

network in frontoparietal cortices.
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3.2 Introduction

In the general introduction of this thesis | provided an overview of functioaghetic resonance
imaging (fMRI) studies showing evidence for regions preferentially resporisivpictures of
various object categories, including faces (Kanwisher, et al., 1997), bodies (Doetrahg2001,)
scenes (Epstein & Kanwisher, 1998), and tools (Chao, et al., 1999) in the humanteouuital
cortex (OTC). Importantly, Study 1 adds to this body of evidence and provides evalesace
‘new’ area selective for visual processing of hands in the left lateral occipitotemporal cortex
(Bracci, et al., 2010). While the large-scale anatomical distribution of thesgooapreferences in
OTC has been proves to be consistent across individuals (Spiridon, Fischl, & Kanwisherth2006),
principles shaping this distribution are not fully understood.

As described in detail in the general introduction, a number of hypotheses have been
postulated. On one side of the continuum, evolution is thought to shape categotiyitgelec
suggesting that selectivity for face, body, tools and so on are the oédulhate constraints
(Caramazza & Mahon, 2003; Caramazza & Shelton, 1998; Kanwisher, 2010). On the gig®site
of the continuum, the expertise hypothesis stresses the role of computatioaatesagather than
innate constraints) in driving the visual system functional organisationt{i@a® Tarr, 2002;
Gauthier, et al., 1999; Tarr & Gauthier, 2000). Another account suggests that rigateg of
central versus peripheral visual field representations in early \isua@x extends into high-order
visual areas and could account for the category selectivity present inlBSon, et al., 2002;
Levy, et al.,, 2001). The latter account can explain why objects requiring ifovetat be
discriminated (e.g., faces or words) are processed in ventral-lateral OTC jeots dbat are
perceived in the periphery (e.g., buildings) preferentially activate ventraldm@di@. Other
frameworks highlight the influence of visual shape similarity, describing anapvbdtween the
representations of objects that share form features (e.g. mammals; Haxlmamo$f Gobbini,
2000), and between unfamiliar objects that are perceived to be similar in shape (Op deBeeck
al., 2008). Finally, the type of motion associated with different categories (@lggibal versus
non-biological motion) may shape the organisation of OTC (Beauchamp, et al., \200i2)these
accounts explain part of OTC functional organisation, they leave seveiabBnthaddressed. For
example, they do not explain the lateralisation of OTC functions, such asdbiveetesponse to
letter strings in the left fusiform gyrus (Dehaene, Cohen, Sigman, & Vinckier, Zfard, et
al., 2006; Martin, 2006), or normal functional organisation of OTC in congenitdihd

individuals who had never had visual experience (Amedi, et al., 2007; Mahon, et al., 2@3®). Th
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and other results indicate that additional organising principles that areelated to innate
constraints, expertise or objects’ visual field, shape, and motion properties might influence the
functional organisation of OTC.

The study described in this chapter tested whether a non-visual ofwpettp— being
involved in action— is reflected in the functional organisation of OTC. Such an influence is
predicted by the ‘functional connectivity constraint principle’, which posits that different objects
that are processed in the same downstream network are both encoded in the part of OTC that is be
connected to this network (Mahon & Caramazza, 2009; Mahon, et al., 2007; Riese@d0Bgr,
Evidence that non-visual properties might be relevant in shaping the functigaalsation of the
ventral visual system has been previously reported (Mahon, et al., 2007). Hands and todie share t
property of being primarily involved in object manipulation, and recent reseasclsiown that
object-directed actions performed with (or observed by) either a hand or a tqmwbaessed in
corresponding frontoparietal networks (Jacobs, Danielmeier, & Frey, 2010; Lewis, 20t8s Pee
et al., 2009; Umilta, et al., 2008). This leads to the prediction that reptésentaf hands and
tools may be located in the same part of OTC due to the requirement to connect these
representations in OTC with corresponding frontoparietal networks.

Results reported in Study 1 together with previously reported studies have 8taiwn
hands(Bracci, et al., 2010) and tools (Chao, et al., 1999) selectively activakefithateral OTC
(LOTC) relative to other object categories. Although no previous studyiteaiydcompared hand
and tool selectivity, the reported coordinates of these activations appear Kelsitivildr across
studies. Importantly, however, they are equally similar to previously repeoderdinates for
selective responses to motion, intact objects, body parts, and headless bodies (Dovaling, et
2006). Indeed, the OTC is a crowded cortical neighbourhood consisting of multiple fiahctio
regions localised nearby that may not be distinguishable at the group-averagiuéevelinter-
subject variability in their distribution (Downing, Wiggett, & Peelen, 900 herefore, the extent
to which hands and tools activate corresponding regions in OTC cannot el desim comparing
group-average coordinates across studies.

In this chapter two main hypotheses will be tested: (1) whether hands and ®ols ar
represented in corresponding OTC regions; (2) whether their spatial distrilsitanven by
downstream action related networks. To investigate these hypotheses, | compalisttilotion
of OTC responses to hands and tools, and then measured the functional connectivity between hant

and tool-selective OTC regions and downstream functional networks. In the first study (Experiment
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1), | localised hand- and tool-selective regions relative to mammals, and contiparederlap
between these regions with their overlap with functionally defined motion- aedtsslective
regions to rule out the possibility that any overlap between hand- and tool-selegimesesswas
indirectly related to shared implied motion or general object processing fepén the second
(fully independent) study (Experiment 2), | tested whether the overlap eteele and hand-
selective responses in the left LOTC was specific to hands or could sirbigaolyserved for tools
and other body parts, or tools and whole bodies. Finally, for both studies | testeffefendes in

whole-brain functional connectivity of hand-/tool-selective regions and neighigodrbdy-,

motion- and object-selective regions.

3.3 Materialsand methods

3.3.1 Participants

A total of 30 naive volunteers were recruited and gave informed consahketpdrt in one of the
studies. Experiment 1 (n=15) was approved by the ethics committee of the UniveiGigniaf,

Italy (I conducted this study during my research visit at the Center fod/Bfain Sciences
(CIMeC), University of Trento, Rovereto, Italy between September 2010 and January 2011).
Experiment 2 (n=15) was approved by the ethics committees of the School of Psychology and
Sport Sciences of Northumbria University, and Newcastle Magnetic Resonance Cdraog,05¢
Clinical Medical Sciences, University of Newcastle upon Tyne, UK. Alligpetnts were right-
handed. Due to excessive head motion 2 subjects (one in each experiment) were excluded from th

data analysis.

3.3.2 Experimental design and stimuli

Experiment 1- Object category experiment: The object category experiment consisted rfrisvo
lasting 5 min each. The experiment consisted of four conditions: tools, mammals, &aahds,
outdoor scenes. Stimuli were presented centrally, had a size of 12°x12° (400xdi3) @nd
consisted of isolated objects on a white background (see Figure 3.1a for examplesjar@rireg

run consisted of 21 blocks of 14 s each. Blocks 1, 6, 11, 16, and 21 were fixation-onlyebaselin
epochs. In each of the remaining blocks, 20 different stimuli from one category \esented.

These stimuli were randomly selected from a total set of 40 stimutigtegory. Each stimulus
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appeared for 350 ms, followed by a blank screen for 350 ms. Twice during eachtiosme
picture was presented two times in succession. Participants were requiredttthdseemepetitions
and report them with a button press (1-back task). Each participant was tebtédonmiifferent
versions of the experiment that counterbalanced for the order of the blockshlwebsions,
assignment of category to block was counterbalanced, so that the mean serial position in the scan

each condition was equated.

Experiment 1- LO localizer: Subjects performed one run of a standard LO localizéng& min.
Stimuli consisted of 20 intact and 20 scrambled objects, which were presented in sepekate bl

The block structure and task were identical to the object category experiment.

Experiment 1- MT/MST localizer: To localize the MT/MST motion complex, visual displays of
moving and stationary dot patterns (Tootell, et al., 1995) were presented ritherleft visual
field (LVF) or in the right visual field (RVF). In the motion condition, dots shifted from tueiisg
position toward the display’s edge and back toward the fixation (0.5°/sec) alternating direction
every 3 frames. In the static condition the dots remained still. The single MTIdtSlizer run
lasted 8 min 48 s during which the four stimulus conditions (static dots in the L\Wifgripts in
the LVF, static dots in the RVF and moving dots in the RVF), each lastingvi€re interleaved
with fixation blocks (16 seconds). Each stimulus condition was repeated fouritimesandom
order within the functional run. Fixation blocks also appeared at the beginning andezath ofin.
The fixation point alternated in colour (red, yellow green, blue) every 500 ms, itaimaittention
participants were instructed to press a button with their right indeerf whenever the central

fixation point turned red.

Experiment 2- Object category experiment: The object category experiment consisted of two
functional runs lasting 7 minutes 14 seconds each. Within each run five stimulus eatégbdle

bodies without head, body parts, hands, tools, and chairs) were organised into five quasi-randon
sequences of five stimulus blocks, interleaved with fixation blocks (14 seconds)oifrikkicks

also appeared at the beginning and end of each run. Within each stimulus block, stirauli w
centrally presented for 800 ms with a blank inter-stimulus interval (I1SI) of 200 ms. The stimulus set
consisted of 75 different greyscale photographs per object category (see Figurexdniples).

Each photograph consisted of an isolated object on a white background (400x400 pixels
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maintain attention participants were asked to perform a 1-back repetitionatetask (either one
or two repetitions were presented within a block). Part of the data Experiment 2 was
previously used to localise the hand-responsive region in the occipitotemporal cortex imemxper
1, Study 1 (see also Bracci et al. 2010). Here, | present new analyses of thesendattigate the

overlap between tool and hand responses.

Experiment 1 Experiment 2
Object category Object category
Experiment Experiment

% |

Ly R

Figure 3.1. Examples of stimuli used in the object category experiments. a. Experiment 1: hands, mammals, tools,
scenesb. Experiment 2: whole bodies, body parts, hands, tools, chairs.
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3.3.3 Pixelwise similarity

The pixelwise similarity of the stimuli used in the object category experimessomputed using
pixelwise correlations (e.g., Thierry, Martin, Downing, & Pegna, 2007). All abjewtre

transformed into black-and-white silhouettes and pixelwise correlations wernguted between
the items of different categories (e.g., hand image 1 vs. tool image 2). Conshatre Fisher
transformed, and values were statistically compared across categories, tcethst whme of the
categories were more similar to each other than others. No signifi¢eerenices in pixelwise
similarity were found between the category-pairs (p>.10, for all testiaiting that the stimuli of
the different categories were equally similar to each other at the pixel 38&l. Apparatus and

data acquisition

3.3.4. Apparatus and data acquisition

Stimulus presentation was controlled by a PC running Psychophysics Toolbox package (Brainard
1997) in Matlab (Mathworks, Natick, MA, USA). Pictures were projected onto a screeneamd w
viewed through a mirror mounted on the head coil.

Functional and structural data for Experiment 1 were collected at the Center for
Mind/Brain Sciences, University of Trento, Italy. All images were acquire@ Bruker BioSpin
MedSpec 4-T scanner (Bruker BioSpin GmbH, Rheinstetten, Germany). Functional images were
acquired using echo planar (EPI) T2*-weighted scans. Acquisition parameters wereorefetdi
(TR) of 2 s, an echo time (TE) of 33 ms, a flip angle (FA) of 73°, a fieldewf (FoV) of 192 mm,
and a matrix size of 64 x 64. Each functional acquisition consisted of 34 axial (slicieh
covered the whole cerebral cortex) with a thickness of 3 mm and gap of 33% (Bmuujural
images were acquired with an MP-RAGE sequence, with 1x1x1 mm resolution.

Functional and structural data for Experiment 2 were collected at the Newcastle Magneti
Resonance Centre, School of Clinical Medical Sciences, University of NewcpstieFyne,
Newcastle-upon-Tyne, UK. All images were acquired on a Philips Achieva 3-T scaitiheax w
SENSE (Pruessmann, Weiger, Scheidegger, & Boesiger, 1999) 8-channel birdcage head coil
Functional images were acquired using echo planar (EPI) T2*-weighted scans. Acgqguisitio
parameters were: TR = 2 s, TE = 30 ms, FA = 90°, FoV = 192, matrix size = 64 x 64. Each

functional acquisition consisted of 30 axial slices (which covered the wholealeretiex) with a
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thickness of 4 mm and no gap between slices. Structural images were acquired wittR&GHP-

sequence, with 1x1x1 mm resolution.

3.2.5. Pre-processing

Data pre-processing and analysis were performed using Brain Voyager QX (\&&orBrain
Innovation, Maastricht, The Netherlands). 3D motion correction was performed to caomect f
individual stbject’s head motion. After linear trend removal, functional data underwent high-pass
temporal filtering (cut-off 3 cycles per time course). For the functional conitgedivalysis (but

not for the other analyses), functional volumes were spatially smoothed (fdiamidth half
maximum isotropic Gaussian kernel). Manual co-registration was performedrtahaifunctional
images with the T1 anatomical images. Subsequently the anatomical imagésansformed into
Talairach stereotaxic space (Talairach & Tournoux, 1988), and this transtormets applied to
the aligned functional data, thus transforming the functional data into a comeneatakic space

across subijects.

3.2.6. Statistical analysis

Data were analysed using the general linear model (Gldvie for each experiment). Each GLM
model included the conditions of interest, as well as the 6 parametershiamotion correction
procedureX, y, z for translation and for rotationPredictors’ time courses were modelled using a
linear model of hemodynamic response (Boynton, et al., 1996) using the default Byage¥ QX

“two-gamma” function. Before computing the GLM, functional runs were z-normalised.

Region of interest activation analysRegions of interest (ROIs) were localized in each individual
subject using comparisons of interest (e.g., intact > scrambled object©fmek Results), at
p<.001 (uncorrected). ROIs were restricted to a 10 x 10 x 10 mm cube centred on the peak voxel
To avoid circularity, data used for statistical testing were always indepeindentiata used to
define ROIs. Thus, statistical maps used for defining ROIs were computed using one.ruan(e.g

1) and analysis of the percent Bold Signal Change (%BSC) was performed on dataefiaer

run (e.g., run 2), and vice versa. %BSC was computed using the peak responséu(Be8 after

block onset, taking into account the hemodynamic lag) relative to a common bdselalke

conditions (averaged response for 0-2 volumes before block onset). The average %B&fedata
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then statistically compared using analysis of variance (ANOVA). Bonfeoamected p-values

and total number of planned comparisons for both studies are reported i3 Table

Region of interest overlap analysiShe anatomical overlap among regions of interest in the left
LOTC was measured for Experiment 2. ROIs for these analyses were defined using hmthalunc
runs. Individual-subject ROIs were defined by including all contiguous voxels that met th
threshold of p<0.05 (Bonferroni corrected) for the contrasts of interestiargls versus chairs;
see Results). The anatomical overlap index was calculated by dividing the noimbexels
common to two ROIs (e.g., ROI-handROI-tool) by the number of voxels of the smaller of the
two ROIs. This choice of denominator was preferred over other possibiliestfe average size

of the two ROIs) because it is less influenced by relative size differenweseineROls (for further
discussion, see Kung, Peissig, & Tarr, 2007). An index of 1 indicates thatdHersshtwo ROls
falls completely within the other ROI, whereas an index of O indicates no owteygen two
ROIs. The threshold Bonferroni correctedalue for the total number of planned comparisons is
reported in Table 3.1.

Multivoxel pattern analysisHere, correlation-based multivoxel pattern analysis (MVPA; Haxby, et
al., 2001) was performed for the object category data of Experiment 2. MVPA viasaat in
several functionally defined ROIs, localized in each subject individually usingrboghof the
object category experiment. The main region of interest was the left lammigitotemporal
(LOTC) cortex. LOTC was defined by contrasting the average response to whole bodies, body
parts, hands and tools with the response to chairs. Two control regions werelalded: the left
fusiform gyrus (FG) and the left occipital cortex (OC). These regions defiieed by contrasting
the response to the stimulus blocks (averaged across conditions) versus fixation bbekass O
defined as the region posterior to LOTC in lateral occipital cortex. FG wasededs the region
anterior and inferior to LOTC in the ventral temporal cortex. Therenwasverlap between the
three ROIs. The threshold for the three ROIs was set to p<.0001 (uncorrected)maxdnum
extent 0f20x20x20 mm cubes, centred on the activation’s peak. Within these ROIs t-values were
extracted for each voxel, each condition, and each run. In each vokxekiles for each condition
were normalized to a mean of zero by subtracting the mean response across alnsofidigo
chairs condition was not included since it was used as control conditiondefthiion of LOTC.

Voxelwise correlations were then computed comparing the activity patterns inwith those in
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run 2. This analysis resulted in a 4x4 correlation matrix for each subject, proaiiestimate of
the neural similarity of the four object categories in the three RQimelations were Fisher
transformed (0.5 x log ((1+ r)/(1- r))), and tested using ANOVAs and pairisests. The

threshold Bonferroni corrected p-value for the total number of planned compassepsrted in

Table 3.1.

Functional connectivity analysigzunctional connectivity analysis for the hand/tool region in the
left LOTC was performed for both studies. In Experiment 1, the hand/tool regi®hocalized in

each individual subject by taking the conjunction of the contrasts hands versus manutalsls

versus mammals. Two additional regions were also included: left LO t(mtasus scrambled
objects) and left MT (moving versus static dots). In Experiment 2, the handégioh was
localized in each individual subject by taking the conjunction of the contrasts \ensds whole

body and body parts and tools versus chairs. An additional the body-selective region lizasiloca

by contrasting whole body and body parts versus hands. All seed regions were defined by taking
significant <.001, uncorrected) voxels within a 10x10x10 mm cube centred on the peak voxel.
For each individual subject a Granger Causaitgp (GCM; Roebroeck, Formisano, & Goebel,
2005) for each reference region was computed using all the data points of the two concatenate
functional runs (6-mm smoothed). Direct contrasts of the resulting functionaéciivity maps

were computed using group-average paired-samfdsts. The threshold for these whole-brain
tests was determined using Monte Carlo simulation as implemented in AFNI’s AlphaSim. The
combination ofp<.005 (uncorrected) and a minimum cluster size of 26 voxels corresponded to a

false-positive probability (i.e., corrected thresholdjpof05.

3.4 Results

3.4.1 Experiment 1

In Experiment 1 14 subjects were tested on three blocked-design experiments. The main
experiment was aimed at comparing LOTC responses to hands and tools, telaaramals (see
Figure 3.1 for example stimuli). The two other experiments were used to localizafsekective
(moving versus static dots) and object-selective (intact versus scrambled)atggicins in LOTC,

in order to compare the overlap between these regions and the hand- and tool-seklgiotiige
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Tool-, hand-, object-, and motion-selective regions were localized in each individjettsio
compare the location, overlap, and functional profiles of these regions in detaily,Faall
functional connectivity analysis was performed to assess the connectiviigsefriegions with the
rest of the brain.

Individual-subject ROI analysiddand- and tool-selective LOTC regions could be localized in all
14 participants, indicating that these responses were highly reliable evenrativtthial-subject
level. Importantly, an overlap between hand- and tool-selective activations ieftth@©TC was
found in all but one participant (Figure 3.2). Object-selective LO and mstil@ttive MT/MST
were also localized in each subject (individual-subject mean Talairach coordindtelsister sizes
for all ROIs are reported in Table 3.2). Analyses on the centre of massadlalabordinates
revealed that both LO and MT/MST were localized significantly medial and posietive hand-
selective region (left hemisphere: L& p=.01, MT/MST [] p= .005, LO §] p=.001 MT/MTS }]
p=.01; right hemisphere: LOX] p= .001, MT/MST k] p= .04, LO [y] p<.0001, MT/MST {]
p<.0001) and the left tool-selective region (Lx) p= .001, MT/MST K] p=.02, LO J]: p<.001,
MT/MST [y]: p<.007). Conversely, hand- and tool-selective regions significantly differed an the
axis, with the hand-selective region being located superior to the toolhselagion (g] p=.001).
See Table 3.1 for Bonferroni correctedalue threshold and total number of planned comparisons

performed.

Z=6 Z=-15

7=4 Z=0

= > > hand-tool overlap

Figure 3.2. Individual-subject activation maps for hand-selective and tool-selective left hemisphere responses in

the object category experiment in Experiment 1. 13 out of 14 participants showed overlap (light blue colour coded)
between responses to hands (hands versus mammals, yellow coledy aod tools (tools versus mammals, dark blue
colour coded). Threshojak.001, uncorrected. L= left hemisphere.
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Table 3.1. Statistical analyses overview

Study statistical analysis n. of planned comparisons correctedp-value

Exp 1 Individual-subject
ROI Talairach coordinates [ROIs(3*2)*xyz(3)]+[ROIs(1*1)*xyz(3)] =21  p= 0.002

Expl ROIs %BSC pairwise t-tests ROIs(7)* stimuli comparisons (6)=42 p=0.001

Exp 2 Individual-subject

ROI Talairach coordinates ROls (3*2)* xyz (3)=18 p=0.003
Exp 2 ROIs %BSC pairwise t-tests ROIs (7)* stimuli comparisons (6)=42 p=0.001
Exp 2 Overlap and distance between all planned comparisons = 15 p=0.003
Exp 2  Multivoxel pattern analyses ROIs (3)* n. of correlations (5*3) = 45 p=0.001

An overview of statistical analyses in Experiment 1 and Experimentr@ted including: the number of planned
comparisons and corresponding Bonferroni correptedlues

Subsequently, the percent BOLD signal change (%BSC) for each condition was extracted
in each of these ROIs (Figure 3.3a), using independent data sets (using a splitysil)aialese
responses were tested in a 7x4 ANOVA with ROI (left LOTC-hand, right LOTC-heftd,OTC-
tool, left LO, right LO, left MT/MST, right MT/MST) and Category (tep mammals, scenes,
hands) as within-subject factors. Results revealed a significant ROl xoBatsteraction
(F(18,234)=9.67p<.0001), indicating differences in the functional selectivity profiles oR@ds
(Figure 3.3b). Post hoc pairwise t-tests showed significant hand seleatiityth left and right
LOTC-hand p<.001 relative to all other categories in both ROIs). Tools elicited the second highest
response in left LOTC-hand, and these responses significantly differed from responsasrialsna
(p<.001) and scene®<.0001) in this region. By contrast, in the right LOTC-hand responses to
tools and mammals did not differ from each oth@erQ(7). Thus, the left, but not the right, hand-
selective region was selective to both hands and tools. Similarly, in tHeO&EC-tool, responses
to hands and tools were both significantly higher than responses to mammal3l(for both
comparisons) and scengs (0001 for both comparisons) but there was no difference between tools
and handsp>.50). Finally, post hoc t-tests within LO and MT/MST revealed no selectivity, either
for tools or hands in both hemispheres>Q5 for all comparisons). To test whether the response

profiles of hand- and tool-selective regions could be dissociated, a 2x4 ANOVAR®itHleft
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LOTC-hand, left LOTC-tool) and Category (tools, mammals, scenes, hands) as swiijeot
factors was performed. Results revealed a significant ROl x Categorgcirdar ; 3g) =12.41,
p<.0001), with LOTC-hand showing stronger hand selectivity than LOTC-odd%— see Figure
3.3). Thus, although closely overlapping left LOTC-hand and left LOTC-tool regvens not

identical.

Table 3.2. Individual-subject mean Talairach coordinatesfor ROIsin Experiment 1 and 2.

Left OTC Right OTC

X y z mm® X y z mm®
Studyl
LOTC-tool 48 -65 -6 392 * * * *
LOTC-hand 49 -65 -2 414 47 -57 -5 406
MT/MST 44 =72 -1 451 41 -65 -3 441
LO 42 -76 -10 493 39 -73 -10 444
Study?
LOTC-tool 46 -68 -2 300 * * * *
LOTC-hand 46 -68 -2 435 43 -63 -5 228
EBA-whole body 46 -73 -2 437 46 -68 -2 375
EBA-body part 47 -73 0 398 45 -68 -2 398

Individual subject’s mean Talairach coordinates and cluster size are reported for each ROIs localized with the comparison

of tools > mammals (LOTC-tool), hands > mammals (LOTC-hantjcimbjects > scrambled objects (LO) and moving
dots > static dots (MT/MST) in Experiment 1 and hands > chairs (LOT@}h#ools > chairs (LOTC-tool), whole
bodies > chairs (EBA-whole body) and body parts > chairs (EBA-body pagypariment 2. These contrasts revealed
additional activations in other brain regions that are not reportes diece our main focus was on the functional
organisation of OTC. Values in this table are the average values Bfatsedefined in the two runs. Threshgd.001,
uncorrected.

Taken together, these analyses in individual subjects (see Figure 3.2) steas that
selective representations of tools and hands overlap in the left LOTC, despitenddéfein their
visual appearance. Moreover, they show that this overlap is unlikely to be relatectbisipied
motion or general object processing properties, since MT/MST and LO weredl@eetierior to
the tool-hand cluster, did not overlap substantially with tool- or hand-seleetjians, and did not
respond selectively to either hands or tools relative to mammals. Next, veeeekiiie functional

75



connectivity between the left LOTC region activated by both hands and tootbeanesst of the
brain, to test whether this region was differentially connectedtfrelto MT/MST and LO) to
frontoparietal regions previously implicated in action-related processing Bagcino, et al.,
2001; Culham, Cavina-Pratesi, & Singhal, 2006; Grafton & Hamilton, 2007).

hand-tooloverap

b LO - MTMST LOTC-hand LOTC-tool

!
) —

G 10 ‘
@
. WY

Figure 3.3. ROIs and mean responses for conditions of interestsin the object category aspect of experiment 1. a.
ROIs in four representative subjects: hand-selective (hands>mammals, yeatlowr ccoded), tool-selective
(tools>mammals, blue colour coded), LO (intact> scrambled objects, legr @mded) and MT (moving> static dots,
green colour coded). See Table 2 for details of the R@I#\verage activity (%BSC) for each stimulus category
extracted from individual-subject ROIs using independent data. LH= left heangsgRH= right hemisphere. Error bars
indicate standard error of the mean.

Functional connectivity analysiginalysis of functional connectivity was performed using Granger
Causality Mapping (Roebroeck, et al., 2005). This method creates a whole-brain etiynaeaip

for specified reference or ‘seed’ regions. The functional connectivity analysis focused on
instantaneous connectivity between the seed regions and all other voxels in thev@aithagithe

used TR and blocked design do not allow for establishing directed (causal) ogtynketween
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regions. The main seed region of interest was the region commonly activated by botlrthnds
tools (both relative to mammals), which could be defined in 13/14 subjects (seeaMate
Methods). Nearby motion- and object-selective regions were also defined irstihgsets. Mean
cluster size (mf) and Talairach coordinates, {y, 2 of each ROI were: left hand/tool region (389
mm3;xy z=-48, -66, -5), left LO (378 mm3Xy z=-42, -73,-3) and left MT (537 mm3;y z=-
41,-78 -9). Figure 3.4 (left panel) shows hand/tool and LO seed regions in three repvesentati
subjects. Then, the functional connectivity of these 3 regions was computed for each subjec
individually, resulting in 13 connectivity maps for each of the 3 regioigu@& 3.4a, middle
panel). These maps were directly contrasted with each other using group-aveedisgrajle-

tests, in order to test for regionally selective functional connectiligy was consistent across
subjects. As shown in Figure 3.4 (right panel), the left hand/tool region was sighifigan05,
corrected for multiple comparisons) more strongly connected to a region in thanteftor
intraparietal sulcus (alPS;y z=-53, -32, 34, see Table 3.3) than was the object-selective region
(LO). This is in agreement with recent structural and functional conitgctitudies showing
pathways connecting the left LOTC to left parietal regions (Noppeney, €086, Ramayya,
Glasser, & Rilling, 2010; Uddin, et al., 2010). Conversely, the left LO region shaigeificantly
stronger functional connectivity with regions in early visual cortex (Eidh4, right panel). A
similar direct contrast between the functional connectivity of the hand/tgianreand MT/MST

did not reveal significant differences at this corrected threshold. However, atea litvenal
threshold §<.05, uncorrected), significantly stronger functional connectivity between the hand/too
region and a region in the left parietal cortey ¢= -39, -57, 47) was also observed.

These functional connectivity results indicate that the LOTC region repireséyoth
hands and tools is selectively connected (relative to neighbouring regions) torairegie left
parietal cortex that has previously been linked to hand/tool action observation antioexée.g.,
Bach, Peelen, & Tipper, 2010; Decety, et al., 1997; Grafton & Hamilton, 2007; Lewis, 2006;
Valyear, et al., 2007).
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Table 3.3. Results of functional connectivity analysis.

Regions X y z mnt peak t-value
Study 1

left alPS 53 -32 34 1786 4.96
Study 2

left alPS 41 -44 45 1307 4.51
left dPM 37 -15 52 1890 5.61
left vPM 43 -10 17 966 5.25
right PPC 30 -73 22 781 4.81
right ventral OTC 44 -44 i3 786 5.18

Group-average Talairach coordinates, cluster size and peak t-valusb riegions p<.05, corrected) identified in the
functional connectivity analysis are reported for Experiment 1 Brperiment 2. In Experiment 1, functional
connectivity maps from the left hand/tool seed region were contragtecdconnectivity maps from the left LO seed
region. In Experiment 2, functional connectivity maps from thé kefnd/tool seed region were contrasted with
connectivity maps from the left body-selective seed region.=a@RSrior intraparietal sulcus. dPM=dorsal premotor
cortex. vPM=ventral premotor cortex. PPC=posterior parietal cortex. OTC=occiptmignsortex.

seed regions whole brain difference in functional connectivity
hand/tool M LO functional connectivity (hand/tool >LO)

Figure 3.4. Functional connectivity analysisin Experiment 1. Left panel shows left-hemisphere reference
regions (hand/tool and LO) in three representative subjects for tiwticiobal connectivity analysis in
Experiment 1. Middle panel shows corresponding individual-subjectinal connectivity maps (a.01
(FDR corrected), dark red colour coded). Right panel shows the re$udtdirect contrast between the
connectivity maps of the hand/tool region and LO. Warm colours indiegidns showing increased
functional connectivity with the hand/tool region relative to the LO regisn06, corrected). Cold colours
indicate regions showing increased functional connectivity with t® region relative to the hand/tool
region 0<.05, corrected).
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3.4.2. Experiment 2

The goal of Experiment 2 was to investigate whether the overlap between tobkrahdelective
responses in the left LOTC is specific to hands or generalises to other body partokndodies.
Fourteen new subjects were tested on a blocked-design experiment that included hands, tool
whole bodies, body parts, and chairs (see Figure 3.1b for example stimuli). The inclugtoreof
bodies and body parts in this experiment allowed for a direct comparison of sinbletitgen
tool- and hand-selective responses relative to tool- and body-selective respoasges€ht data
set was previously used to describe the hand-selective LOS region repoBEgperiment 1 in
Study 1. Here, | present new analyses of these data (i.e. MVPA and connectivity artalyses)
investigate the overlap between tool and hand responses in the left LOTC region amtivitynne
patterns of this hand-tool selective area with the rest of the brain. Tibesanalyses are of
particular relevance to investigate the role of downstream actioedeatas in shaping the visual

systems organisation (see also 3.5 Discussion).

Individual-subject ROI analysisto investigate the functional profile of hand-, tool-, whole bpdy-
and body part-selective regions in detail, these regions were first localizedviduatisubjects by
contrasting each category with chairs. All regions could be defined in eachdiraiparticipant,
again highlighting the reliability of these LOTC regions. Talairambrdinates for hand- and tool-
selective regions were similar to those of Experiment 1 (Table 3.2). azatyn the centre of mass
Talairach coordinates revealed that both hand- and tool-selective regioes locatized
significantly anterior to the whole body-selective region (left hemisphere:[yaipe.02, tool ]
p=.02; right hemisphere: hang][p= .001) and the body part-selective regions (left hemisphere:
hand ] p=.02; tool ] p=.02; right hemisphere: hang] [p=.003). No differences were observed
between the coordinates of the hand- and tool-selective regions. See3Tabde Bonferroni
correctedp-value threshold and total number of planned comparisons performed.

The functional response profile of each ROI was investigated by extracting $6B&ath
condition, using independent data. These values were tested in a 7 (ROI) x 4r{0aAMPVA
with ROI (left LOTC-tool, left LOTC-hand, right LOTC-hand, left EBA-whole bpdght EBA-
whole body, left EBA-body part, right EBA-body part) and Category (tools, hands, -vbdies,
body-parts) as within-subject factors. Results revealed a significant R@tegdty interaction
(Fs.2349=14.02,p<.0001), indicating differences in the functional selectivity profilethefROls.
Follow-up t-tests revealed a selective response to hands in the left LOTCy%00Q1 for all
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comparisons). The left LOTC-tool was also selective to hgmd®@01 for all comparisons, except
body part9=.02). Figure 3.5 shows the functional profile of all ROIs. To test whether {henss
profiles of hand- and tool-selective regions could be dissociated, a 2x4 ANOVARWItHleft
LOTC-hand, left LOTC-tool) and Category (hands, tools, whole-bodies, body-parts) héts- wit
subject factors was performed. Results revealed a significant ROl x Categoaction £ 3
=4.88,p<.01), indicating that, although closely overlapping, the functional profilestaf @ C-
hand and left LOTC-tool regions were not identical (see Figure 3.5). Post-hocspaitests
revealed significantly higher responses to hands compared to all other conditionsR®Okmoh <
.05 for all comparisons). Tool responses did not significantly differ from whole-bodies resgonses (
> .05) but was significantly lower than body-parts responses.(1) in both ROIs. These results
show hand selectivity in both LOTC-hand and LOTC-tool (see Figure 3.5).

EBA-whole body EBA-body part LOTC-hand LOTCool

LH 10

%BSC
=}
=}

LYZ2aN.l

RH 1.0}

= B e

05 p\% ,//

%BSC

Figure 3.5. Mean responses for conditions of interests in each ROI in the object category experiment of
Experiment 2. Average activity (%BSC) for each stimulus category extracted from indivilibject ROIs using
independent data. See TaBle for details of the ROIs. LH= left hemisphere; RH= right hemisphere. Error bacatand
standard error of the mean.
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Overlap and distance between ROIEo quantify the extent of anatomical overlap between
category-selective activations, we calculated an overlap index for each pairwise comiahat
regions. For this analysis, ROIs were defined using both functional runs combigect (3.6a). A
large overlap was found between tool- and hand-selective regions (80% overlap, see Figure 3.6b
which was significantly larger than the overlap between tools and wholesb@#%:t3 = 5.73,
p<.0001), tools and body parts (38%3 = 5.60,p<.0001), hands and whole bodies (42%s; =
4.39,p<.001), and hands and body parts (47%,= 4.03,p<.001). Next, we tested the Euclidean
distance between the Talairach coordinates (centre of mass) of each of these (seg Material
and Methods). This analysis revealed that hand- and tool-selective regions were lassed cl
each other (distance = 5.6 mm), and significantly closer than tools and whole dédés(n;
t(13) = 5.53,p<.0001) and tools and body parts (9.4 nipy) = 4.16,p<.001). No significant
differences were found between the hand-tool distance and the distance betweeamtanidsle
bodies p>.10), or hands and body pants(20; see Figure 3.6c).

These results provide further evidence for a close and specific correspobgémneen
tool- and hand-selective responses in the left LOTC. This correspondence lecedeah a large
degree of anatomical overlap, a small distance between the activations’ centres-of-mass, and
similar (although not identical) functional profiles. Furthermore, similarpasisons of tools with
whole bodies and non-hand body parts revealed that this correspondence was specific to hand
This conclusion is further supported by differential cerebral latenaiisaivith both hands and
tools primarily activating the left LOTC and whole bodies and body parts flgraativating the
right LOTC (Figure 3.5). Surprisingly, the hand-selective region overlapped monglgtwith the
tool-selective region than with the whole body-selective and body part-selectivastegven
though hands are themselves body parts and hands were visible in the whole body stimuli.
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Figure 3.6. Overlap index and Euclidean distance results. a. ROIs used to perform the overlap index and Euclidean
distance calculations are shown in 5 representative subjecthie overlap index represents the percentage of shared
voxels between two category-selective regions (e.g., bethe and tool-selective regions; leftmost bar), computed
by dividing the number of voxels common to two ROIs by the ramdb voxels of the smaller of the two ROts.
Euclidean distances between the centrfiesiass of two category-selective regions. Error bars represent standawaf erro
the mean. L=left hemisphere.

Multivoxel pattern analysesAnalyses that take into account similarities in multivoxel response
patterns have been shown to be more sensitive than standard univariate analyses in tEsessing
similarity of overlapping representations (Peelen, Wiggett, & Downing, 2006). Hettyaxrel

pattern analysis (MVPA) was employed to measure the similarity of hand, tool, dadiypody-

part responses in several regions of OTC. If, as we hypothesised, the dbistribubol responses

within left LOTC is more similar to the distribution of hand responses thdhe distribution of
non-hand body part responses, we would expect a higher correlation between the response patter
to tools and hands than between the response patterns to tools and body parts. To test th
hypothesis, we functionally defined left LOTC in each individual subject by cdngathe
average response to the 4 conditions of interest (hands, tools, body parts, wholeviitidibe)

response to chairs. As control regions, we defined a region posterior to LOQME left occipital
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cortex (OC), and a region ventral and anterior to LOTC in the leftoflmsigyrus (FG). These
control regions were defined by contrasting activation to all stimulus conditiohsfixgtion
baseline. Figure 6a shows the three ROIs in a representative subject. Mean crigremdiand
Talairach coordinates,(y, 2 of each ROl were: left LOTC (3714 minx y z= -46, -70, 0), left FG
(4211 mn8; x y z = -34, -41, -18) and left OC (4190 minx y z = -36, -85, -1). There were no
significant differences between the sizes of the R@¥s30, for all tests). Within these ROIs, we
then correlated the voxelwise patterns of activity between each of the conditioteredt across

the two runs (e.g., hands runlools run2). The mean univariate response in the left LOTC region
was highest for hands, whole bodies, and body parts, and weakest for tools (Figuréhagb).
differences were expected based on the response profiles of the separatety 1d&fih®TC
regions (Figure 3.5). Note that differences may affect the results of the multi-voxel patterrsanalysi
possibly inflating the correlations amongst hands, whole bodies and body parts, raative t
correlations involving tools. Although the correlation metric itself is inflilenced by mean
activation levels, voxelwise differences in general responsivity (e.g., retatedoxelwise
differences in grey/white matter ratio) could potentially increase the mattmiilarity of two
strongly active conditions. This may work against our hypothesis of a strong d¢onr&latween
hands and tools, relative to other between-category correlations (e.g., hands and whole bodies).

Table 3.4. MVPA resultsfor Experiment 2.

Bodies Body parts Hands Tools
left LOTC Bodies 0.75 0.07 -0.56 -0.57
Body parts 0.64 -0.45 -0.33
Hands 0.75 0.20
Tools 0.66
left OC Bodies 0.64 -0.32 -0.29 -0.30
Body parts 0.65 -0.25 -0.13
Hands 0.71 -0.32
Tools 0.68
left FG Bodies 0.51 -0.11 -0.15 -0.38
Body parts 0.49 -0.43 -0.02
Hands -0.71 -0.45
Tools 0.72

Mean correlation values for within-category (e.g., hands-hands) anddyecategory (e.g., hands-tools) comparisons in
the left lateral occipitotemporal cortex (LOTC), left occipital cortex (OC) and left fusiéyrus (FG).
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Figure 3.6c shows the 4x4 correlation matrices averaged across participants, and Table 3.-
reports mean correlation values (averaged across the two runwise comparisons).tibe $mpive
mean activation to tools in the left LOTC, there was a remarkablygstarrelation between hands
and tools (=0.20), indicating similar response patterns for hands and tools in the left OMIEC.
strong correlation between the tool and hand response patterns was highly spéeifids, with
both whole bodies and body parts correlating negatively with tools (tools-wholeshedi®.57;
tools-body partst=-0.33). Pairwise t-tests confirmed that the correlation between hands and tools
was higher than all other correlations involving hands or tools (tools-wholesbogi = 7.27,
p<.001; tools-body parts;3 = 5.86, p<.001; hands-whole bodigss; = 7.06,p<.001; hands-body
parts:t,s = 6.88,p=.001, see Figure 3.7c and Table 3.4). Interestingly, despite hands being a body
part by definition, they did not correlate with either bodies -0.56) or body partsr€ -0.45).
Instead,a high correlation was also found between bodies and body par3.q7), which was
significantly higher than all other correlations involving bodies and body pantdgwodies-tools:
tas) = 5.68,p<.0001; body parts-toolszs) = 3.91,p<.002; whole bodies-handsiz = 6.08,p<.001;
body parts-handst,s = 4.56, p=.0001). A very different result was found in the two control
regions, OC and FG. Similarly to the LOTC region, these regions showed generally thigh wit
category correlations (hands rualhands run2, see diagonals Figure 3.6¢c and Table 3.4)Ifor al
conditions. In OC, there were no significant differences among the between-cooditielations
(p > .05, for all tests). In FG, the correlation between hands and whole bodies was lagheeth
correlation between hands and toa{d¢ ) = 2.95, p < .01), and the correlation between hands and
tools was higher than the correlation between body parts and h#@h8p £ 2.53, p < .05).
However, these two tests did not survive correction for multiple comparisons.

These results indicate a striking degree of similarity between multivegpbnse patterns
to tools and hands in the left LOTC. Furthermore, they show that, by contrast, resptarss fat
tools and body parts, and response patterns to tools and whole bodies, are largely independent
one another, despite strong univariate responses to body parts and whole bodies in the tool
selective region (Figure 3.5). Similarly, response patterns to hands and whole &udliessponse
patterns to hands and body parts, were largely independent of each other, even though hands a
part of the body. Finally, the similarity between hands and tools was specificledt h®TC and

was not found in neighbouring regions of visual cortex.
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Figure 3.7. Multivoxel pattern analysis (MVPA). a. ROIs used for MVPA in a representative subject. ROIs were
functionally defined in each individual subject by contrastingaierage response to the conditions of interest (hands,
whole bodies, body parts, tools) relative to chairs (left LOTC) or relative to hadqéit OC, left FG)b. Average
activity (%BSC) for each stimulus category extracted from the ROIs uséteilMVVPA. c. Multivoxel correlation
matrices in left LOCT, left OC, and left FG. Activity patterns for eaghdition were correlated with each other across
runs. Each cell of the matrix represents the correlation value (averagssd auabjects) for the between-category (off-
diagonals) and within-category (diagonal) correlations. Warm colours repressitivepcorrelations and cold colours
represent negative correlations.

Functional connectivity analysiSimilar to Experiment 1, a functional connectivity analysis was
performed with the seed region being the region commonly activated by both hands snéatool

this analysis, the hand/tool overlap region was defined by the conjunction of hasuis wable
bodies and body parts and tools versus chairs. A body-selective region was defectdrbshe
contrast between whole bodies and body parts versus hands. These contrasts were chosen
minimise the overlap between the hand/tool region and the body part region (see alsds\eateri

Methods). These regions could be defined in 14/14 subjects. Mean cluster siyeufhalairach
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coordinatesxy,2) of each ROl were: left hand/tool region (421 friy z= -46, -68, -1) and left
body region (576 mix y z = -42, -79, 2). Figure 3.8 (left panel) shows hand/tool and body-
selective reference regions in three representative subjects. The functionaticibyrefcthese
regions with every other voxel in the brain was computed for each subject individiiadise
whole-brain connectivity maps were directly contrasted with each other using-ayergge
paired-sample-tests, in order to test for regionally selective functional connectility was
consistent across subjects. As shown in Figure 3.8, the hand/tool region was styn{figafs,
corrected for multiple comparisons) more strongly connected to regions in tadPiBfk y z= -
41, -44, 45) and the left dorsal premotor cortex (dRMz=-37, -15, 52) than the body-selective
region. Additional increases in connectivity were found in the left venteah@ior cortex (VPMx

y z=-43, -10, 17) and two clusters in the right hemisphere (Table 3.3). There wereoms thgi
showed significantly stronger connectivity with the body-selective region tiarhand/tool-

selective region.

seedregions whole brain differencein functional connectivity
hand/tool M body/body part  functional connectivity (hand/tool > body/body part)

Figure 3.8. Functional connectivity analysis in Experiment 2. Left panel shows left-hemisphere reference regions
(hand/tool and body/body-part) in three representative subjects forntiohal connectivity analysis in Experiment 2.
Middle panel shows corresponding individual-subject functional cdimitganaps (atp<.01 (FDR corrected), dark red
colour coded). Right panel shows the results of a direct contrast betweeannectivity maps of the hand/tool region
and body/body-part region. Warm colours indicate regions showing $ectdanctional connectivity with the hand/tool
region relative to the body/body-part regiop<.05, corrected). Cold colours indicate regions showing increased
functional connectivity with the body/body-part region relativehohand/tool regiorpk.05, corrected).
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These results confirm the functional connectivity findings of Experiment 1, andtihow
the functional connectivity between the left LOTC and regions in the tmitdparietal network
was strongest at the location where hands and tools were represented, relagiledation where

non-hand body parts were represented.

3.5. Discussion

In two independent studies, hands and tools (relative to mammals or chauadedativerlapping
regions in the left LOTC. The overlap between hand- and tool-selective respons@sC was
found in 27 of the 28 subjects tested (96%), indicating a close anatomical correspondbace in
representations of these categories despite differences in theirappealrance and object domain
(animate vs. inanimate). Hand- and tool-selective regions were distinct from rugeloy- and
motion-selective regions, indicating that the hand/tool overlap was not raatechinonalities in
general object processing or (implied) motion. The overlap, close proximitywwéad mass, and
multivoxel pattern similarity of tool- and hand-selective responses did not extend-hand body
parts or whole headless bodies, indicating a specific overlap between tobsnaisdrather than a
more general overlap between tools and all body parts. Moreover, the similasigebdiand and
tool response patterns was specific to a restricted part of left LOTC, andhavaeund in
neighbouring posterior (LO) or ventral (FG) regions, indicating that the hand/tool ovetl@IC
was not related to low-level visual or shape similarities between hands an(imoaicls would be
expected to equally affect these regions). Finally, functional connectivity analyisestly
contrasting the whole-brain connectivity of the hand/tool region with the whale-bonnectivity
of neighbouring body-, motion- and object-selective regions, showed selective functional
connectivity between the left hand/tool region and regions in left parietal edhgbremotor
cortices. These frontoparietal regions have previously been shown to be invohadiand tool
action observation and execution (Bach, et al., 2010; Jacobs, et al., 2010; Peeater2068;
Valyear & Culham, 2010), raising the possibility that the left LOTCais pf a larger scale action-
processing network. Together, these findings show that a non-visual objecttypredeging
primarily involved in object-directed actions - can shape the functional organisation of OTC

The overlap between hand- and tool-selective responses in LOTC reported here may be

explained by considering functional connectivity constraints between LOTC and tdeawns
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networks - the selective functional connectivity between the left LOTC anl@ftHfeontoparietal
cortex may ‘force’ the representations of both hands and tools to a specific part of OTC, where
these representations can most effectively connect to other regions involved inrelatiech-
processing. In other words, the functional organisation of OTC may partly reflect this region’s
functional connectivity pattern to downstream functional networks. This ‘functional connectivity
constraint’ principle provides a parsimonious explanation for the present finding of shared
selectivity for hands and tools in LOTC, but it can also account for squendabus findings. For
example, the functional connectivity constraint principle can account for thiapJertween face
and body responses in the right fusiform gyrus (Peelen & Downing, 2005); both faces asd bodi
provide information about the identity and emotions of others, and OTC regions repge#aisti
information need to connect to corresponding downstream networks that further mndess
represent these social-cognitive and affective dimensions (Peelen & Caramazza, 2010).
Furthermore, the left lateralisation of OTC regions selective to Igtiiigs can be explained by
taking into consideration the connection these regions must have fatdedlised language
networks (Dehaene, et al., 2005; Gaillard, et al., 2006; Martin, 2006). Interestingtffetts of
handedness on functional lateralisation were shown to extend beyond motor and language region
(in frontal cortex) to functionally specific regions in OTC (Willenfgelen, & Hagoort, 2010),
suggesting a coupling between the lateralisation of interconnected parts of the bpaguicted
by an organisation related to connectivity constraints. Finally, unlike a bottom-up aspeaified
in terms of visual influences, the functional connectivity principle is consistent with a ‘normal’
functional organisation of OTC in congenital blindness (Mahon, et al., 2009).

The close overlap between responses to hands and tools raises the question of whether su
responses reflect activation of the same or different neuronal populations, whiahpheations
for the type of representations this region may contain. One scenario is that hands and tools activat
a common neuronal population that does not discriminate between these categories. In this
scenario, the hand/tool region would represent a dimension that is common to handssang tool
longer reflecting the perceptual input. For example, this region may contain semfontication
representing action meaning (Kalenine, Buxbaum, & Coslett, 2010; Martin, 2007; Noppeney, 2008;
Valyear & Culham, 2010) or visuo-motor representations of actions (e.g., reflbatggposture)
that can be similarly activated by viewing (or perhaps even moving - Astafieal., 2004,
Oosterhof, Wiggett, Diedrichsen, Tipper, & Downing, 2010; Orlov T, 2010) hands or tools. A

neurophysiology experiment found evidence for such coding in macaque premotor coytdny (F
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revealing neurons that responded similarly to the grasping of an object with arwhradtool
(Umilta, et al., 2008). An alternative scenario is that hand and tool rafagsas in this region are
dissociable at the neural level, which would be required if it were to perceptealsent these
categories. For example, hands and tools may activate separate neuronal populatiares that
interleaved on a relatively fine spatial scale (below the resolution of tN&RIen their proximity,
these interleaved populations would be expected to benefit from similar conneutithty
downstream networks. The question of whether overlapping fMRI responses refleanthersa
different neural populations was previously addressed for the right niidrfagyrus, a region in
OTC where responses to faces and bodies overlap. While face- and body-setsgioneses
closely overlapped with standard-resolution fMRI (Peelen & Downing, 2005), a subsetubnt
using high-resolution fMRI could dissociate these responses, by showing abutting paathes t
were exclusively selective to either faces or bodies (Schwarzlose, 20@b). Based on these
findings, future studies using high-resolution fMRI may similarly be ablassodiate hand- and
tool-selective responses in the left LOTC. Independent of the nature of theergptions in the
hand/tool region - whether these reflect a relatively early percepaggd st more abstract action-
related dimensions - our results indicate that the principles driving the ovetlapen hands and
tools cannot be captured in terms of shared visual properties but instead refleiguabmbject
dimensions.

An alternative explanation for the overlap between hands and tools in LOTC delperge
could be that one of these categories indirectly activated the representathe other category.
Thus, viewing a picture of a tool may have indirectly activated the represembtiands, or vice
versa. On this account, the left LOTC represents just one of these categorjdsa(elg), but is
activated by the other category (e.g., tools) through implicit associatiosuad inagery. It should
be noted that the stimuli were shown in separate blocks and were selected tesenlinedt
associations between tools and hands: tool stimuli consisted of isolated pifttoels that were
not currently involved in an action, while the hands were all shown in a postursigteahwith
active tool use (Figure 3.1). More importantly, our data directly speak agairigtagery or
association account, for several reasons. First, if one of these categorieslyndaidchted the
representation of the other category, one would expect consistently weaker responses to the ‘non-
represented’ category than the represented category (e.g., O'Craven & Kanwisher, 2000). This was
not the case: in Experiment 1, responses in the tool-selective region wezgcallynhigher for

tools than hands (Figure 3.3b), while in the hand-selective region this pattern wasdd#egure
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3.3b). Second, one would expect the region defined by the non-represented category to be a subs
of the region defined by the represented category. Instead, we found two regions that partly, but no
completely, overlapped (Figure 3.2). Finally, if visual association (e.g., througlaghexperience
of seeing tools and hands together) caused the hand/tool overlap, we wouldesgpeatore
overlap between hands and non-hand body parts, or hands and whole bodies (which even include
hands), since these are more closely associated than hands and tools. While non-handsbody pal
and whole bodies were indeed represented similarly (e.g., Figure 3.6c¢), hands and noodiiand
parts (or hands and whole bodies) were not. Therefore, it is unlikely that théobbodérlap
reported here is related to imagery or to the visual association of toolfamitts. Instead, our
results indicate that hands and tools are both represented in the left LOTCebpersptual
information about both these categories is relevant for the same downstretopdrietal action
network.

In summary, the present study showed shared selectivity for hands and tools in &region
the left LOTC, despite differences in their visual appearance and object domairestingly, this
region was more strongly connected to left parietal and premotor cotimesother regions in
LOTC were. We suggest that the selective functional connectivity betwedefth OTC and the
left frontoparietal cortex constrains the location of hand and tool representatitmns @itC,
facilitating efficient processing of object-directed actions. More generally, thedes megggest that
the functional organisation of OTC partly reflects the organisation of doeemstfunctional

networks due to regional differences within OTC in the connectivity to these networks.
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Chapter 4

Study 3: The hand-tool network

4.1 Overview

Study 2 provided evidence for how the distribution of object category responsésiitts and
tools) in the high-order visual cortex may reflect the (non-visual) orgamsaft specialised
downstream functional networks (e.g., the frontoparietal action-related netwdukjvoxel
pattern analysis in the left LOTC showed a high degree of similarity between the rejiieseof
hands and tools, mirroring their overlap in the left frontoparietal action netwgrkJacobs, et al.,
2010). Importantly, the functional connectivity analysis showed that the lefallddTC region
was selectively connected, relative to neighbouring regions, with regions iaftthitiaparietal
sulcus and the left premotor cortex previously implicated in hand-tool intera&uch overlap in
the distribution of hand and tool responses in the left lateral OTC suggesthettfandttional
organisation of OTC partly follows non-visual object dimensions. | proposed thas thie to th
constraint to connect both hand and tool representations in OTC to a commaielefiised
frontoparietal action network. Altogether these results raise the que$twmether frontoparietal
areas involved in hand-tool action-related proesisuse representations of hands and tools in a
similar corresponding manner (e.g., hand/tool shared selectivity). This is theowmuester
investigation in the present Study 3 reported in this chapter.

4.2 Introduction

Human primates, more than non-human pteénhave developed extraordinary manual dexterity
and capability for mastering tools (Johnson-Frey, 2003; Napier, 1956). This ability is mediated by a

specialised left hemisphere network comprising frontoparietal and temporal rélpbnson-Frey,
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et al., 2005; Lewis, 2006). It is now well known that, the computations carried withtogesietal

and temporal regions are differential. Whereas temporal regions are thought to store conceptual an
functional knowledge associated with tool-use, the frontoparietal network iessdselto store
motor-related representations for tool-use (for review, see Lewis, 2006 mekt paragraphs |

will describe computations processed within the regions that are part of thes¢éoonktwork in

more detail.

Tools (e.g., a hammer) differ from other objects (eghair), as they can be identified by
their function (e.g., to pound nails into the wall) and their typical motion &ugchronous up and
down shift of the hammer). One of the key cortical substrates involved in processing suc
information is the left posterior temporal cortex (Beauchamp, et al., 2002; Kalehiale, 2010;
Kellenbach, Brett, & Patterson, 2003; Tranel, Kemmerer, et al., 2003), closakeaidjo the
motion selective area MT (Tootell, et al.,, 1995). In line with neurocimagingestud/hereas
damage to the medial fusiform gyrus (mFG) impairs the ability to recognisedind semantic
aspects of non-living things in general (Laiacona & Capitani, 2001; Mahon & Caramazzg, 2009)
damage to the left posterior middle temporal gyrus (pMTG) selectively isnfmail function and
action knowledge (Damasio, Tranel, Grabowski, Adolphs, & Damasio, 2004; Kalenine, et al
2010; Tranel, et al., 1997; Tranel, Damasio, et al., 2003).

Importantly, tool representations are also strongly linked to the type ohaxdsociated
with the tool.In-fact, whereas objects might afford multiple actions depending on tiziait and
requirements, for instance viewing a stone might afford the action ofimgagkhut or using it to
hold a pile of papers (Creem-Regehr & Lee, 2005; Gibson, 1979), simply viewing a tool
automatically affords the hand movements associates with its typica, uszn when no overt
actions are required (Creem-Regehr & Lee, 2005; Kellenbach, et al., 2003). Spatio-temporal
representations of hand movements associated with tool-use encompagsettor parietal lobe
(SPL) and the inferior parietal lobe (IPL). However, substantial evidences pouard differential
computations associated with these regions. (1) The SPL is thought to extracimfisuzation
necessary for the execution of visually guided actions (Andersen, Snyder, Bradl@yy,&997;
Culham, et al., 2006; Milner & Goodale, 1995), which is an essential component of onlire cont
of hand and tool actions. (2) The IPL is largely involved in planning and preparatiool of
movement execution (Buxbaum, 2001; Glover, 2004; Heilman & Valenstein, 1993; Johngon-Fre
et al., 2005).
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Several authors have suggested that the above division of labour between visuhl guide
action and stored representation of tool use can also be expressed in term of two separate pathway
dorsal-dorsal and dorsal-ventral visual pathways (Buxbaum, 2001; Glover, 2004). Whereas the
human SPL, or dorsal-dorsal pathway, corresponds to the philogenetically older monkey pariet
cortex subserving on-line control of simple actions (i.e. grasping and reaching - Culhame&ry/aly
2006), the evolutionarily more recent human IPL (Astafiev, et al., 2003), or dorsal-westall
pathway is suggested to store information about uniquely human complex mandat skdl-use
(Johnson-Frey, 2003; Peeters et al., 2009) and movement planning (Glover, 2004).irfsupport
evidence for differential functional specialisation between the dorsal-dors#heudidrsal-ventral
parietal lobe subdivisions comes also from clinical studies. These studies have demonstrated the
whereas lesions in the superior parietal lobes disproportionally impair sensorirmosfortmations
subserving reaching or grasping actions (e.g., Binkofski, et al., 1998; Cratesi, letswaart,
Humphreys, Lestou, & Milner, 2010; Jeannerod, Decety, & Michel, 1994), lesions encompassing
the left inferior parietal lobe impair high-order representations of hand andhdtiohs (e.qg.,
Buxbaum, 2001; Haaland, et al., 2000). To summarise, taken together the above eviddesdte poi
the existence of a specialised left lateralised functional network underpinnirrgl aanskilful
manual tool usag(Johnson-Frey, et al., 2005; Johnson & Grafton, 2003), that is segregated from
areas subserving less skilful and more automatic on-line prehension movementsaehgo- re
grasp, Cavina-Pratesi, letswaart, et al., 2010; Cavina-Pratesi, Monaco, et al., 2010; Glover, 2003).

Frontal areas are also considered part of the action network. In particular, dorsgbprem
(PMd) and ventral premotor (PMv) areas connected to SPL and IPL respectivelyldiz
Matelli, 2003), are engaged in maintaining representations of motor sequences duringentove
planning and execution (Fink, et al., 1999; Fridman, et al., 2006; Wagner, Pare-Blalgokyv&
Poldrack, 2001)

Whereas frontoparietal areas engaged during visual presentation of toelshéew
investigated (Chao & Martin, 2000; Valyear, et al., 2007; Valyear & Culham, 2@l@)t
evidence for the neural representation associated with vision of hands is culaekihg.
Therefore, following up the results of Study 2 showing anatomical and functioririgynfor
hands and tools the occipitotemporal cortex we formulated the following hypotheses in Study 3.
(2) If functional hand/tool specialisation found in the left LOTC is partiddiyen by its functional
connectivity with left lateralised action-related areas (as proposed in Btutien | predict similar

hand/tool correspondence in left frontoparietal areas associated with storagedébol action
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representations (e.g., hammering). (2) Conversely, dorsal parietal areas knowmvohesiin

online visuomotor transformations of hand goal-directed movements (e.g., reaching) should
respond to visual presentation of hands only. (3) Following up on resultdectporStudy 2,
functional connectivity between putative left parietal hand/tool representaimhgreviously
documented left LOTC hand/tool representations is predicted.

Although significant selective activation for hands and tools found as patudy 1 and 2
was restricted to the occipitotemporal cortex, it is worth noting rémsilts from single subject
analyses did show parietal activations. However, such activation was nottfobaedonsistent in
all participants and therefore did not survive group average analyses.

Here, to investigate the above hypotheses | used an fMRI block design paradigm,
presenting pictures depicting hands, bodies, tools, non-graspable objects and scramlgied imag
Unlike in Study 2, tools and hands stimuli were presented from both a first addpérson
perspective. The issue of perspective may be relevant in relation to parietalicactagt in
contrast to occipitotemporal cortex that stores object representationsimatr orientation and
size, parietal cortices have instead been shown to use egocentric frames of réfeoemteol
online guidance of actions (Goodale & Milner, 1992; Goodale & Westwood, 2004). Because of
this, hand and tool representations in the parietal lobe might be better elicéadhe perspective
from which hands and tools are presented matches the observer viewpoint (see [siaderial
methods). Furthermore, the inclusion of non-graspable objects in comparison to tootddsest i
to control for tool manipulabilitya “dear” feature to the parietal lobe) rather than general object
representation. Finally, the use of scrambled images aimed to control foroatérgifects
frequently reported in associative parietal areas (Corbetta, Miezin, Dobmeyer, Shulman, &
Petersen, 1990; Corbetta & Shulman, 2002). Given that participants were requirefbim per
one-back discrimination task, higher activation for the more difficult dise&tiin of scrambled
images relative to intact stimuli would flag attentional-related eratthan stimulus-related

responses.

94



4.3. Materials and methods

4.3.1. Participants

Sixteen naive volunteers were recruited and gave informed consent to taketpiarstady. The

study was approved by the Ethical Committees of The School of Psychology and Sport Sciences o
Northumbria University and Newcastle Magnetic Resonance Centre, School of ClinidiabMe
Sciences, University of Newcastle upon Tyne. All subjects were right-handessessed by the
Edinburgh Handedness Inventory (Oldfield, 1971). One subject was excluded from the data

analyses due to excessive head motion.

4.3.2 Experimentalekgn and stimuli

The study consisted of two runs lasting 7 minutes 14 seconds corresponding ftom@ibnal
volumes. Five conditions were included: hands, whole bodies, tools, non-graspable objects, anc
scrambled images. For each condition 75 images were presented. The block stmasentagmnn

setup, and task were identical to the one used in Study 1 (see 2.3 Maedahethods). Unlike
Study 1 and Study 2, the pictures of hands and tools in Study 3 were presented from listh the f
and the third-person perspective. However, given that the fMRI block design averagesess
across each condition, perspective could not be included as a regressorest.ifter further
discussion on this point, see 4.4 Results. Each participant was tested witffévemtdiersions of

the experiment that counterbalanced the order of the blocks. In both versions, assignment o
category to block was counterbalanced, so that the mean serial position in nhef ssach

condition was equated.
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Figure 4.1. Experimental protocol and examples of stimuli used in Study 3. Tools, bodies, non-graspable objects
hands, and scrambled images were presented in a block desiggmarad

4.3.3 Apparatus and data acquisition

Functional data were collected at the Newcastle Magnetic Resonance Centre, ScHimitadf C
Medical Sciences, University of Newcastle-upon-Tyne, Newcastle-upon-Tyne, UK.hall t
acquisition parameters were identical to the one used in Study 1.

4.3.4 Pre-processing

Data pre-processing and analysis were performed using Brain Voyager QXr{versd; Brain
Innovation, Maastricht, The Netherlands). 3D motion correction, linear trendves, high-pass
temporal filtering and spatial smoothing (6-mm full-width half maximum dgtr Gaussian
kernel) was performed for each subject following steps reported in previousrshayanual co-
registration was performed to align the functional images with tlee timensional T1 anatomical
(Imm x 1mm x 1mm) images. Subsequently the 3D anatomical images were inadsfato
Talairach stereotaxic space (Talairach & Tournoux, 1988), thus transformifgnttimnal data

into a common stereotaxic space across subjects.
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4.3.5 Statistical analysis

Data were analysed using a general linear model (GLM) random-effects groupedvanadysis.
The GLM model was computed for each participant including the 5 conddfanterest and the 6
parameters to account for motiony( z for translation and for rotation). The fixation blocks were
used as baseline. Preaicf time courses were modelled using a linear model of hemodynamic
response (Boynton, et al., 199@ing the default Brain Voyager QX “two-gamma” function.
Before computing the GLM, functional runs were z-normalised.

We analysed the data using whole-brain (voxelwise) and single subjects regitaredtin
(ROI) approaches. While whole-brain voxelwise can identify brain regions sensitivearticular
manipulation condition in contrast to another, in the group average data, by using ROkanalysi
each single region of interest can be localised in individual subjects, dimgyethe power of

functional localisation taking into account individual anatomical variation.

Whole-brain group activation analysesVhole-brain random-effects group analysis was
performed. Statistical activation maps were thresholde@d<@t001 (uncorrected for multiple
comparisons). Given the problem of multiple comparisons, to account for the possibility tha
clusters have arisen by chance, Monte Carlo simulation (performed using Braie¥égwas
computed and only clusters size > 13 (corresponding to the corrected thnesHnl@02) were

reported in the analysis.

Individual subject region of interest (ROI) analys®egions of interest (ROI) were localised in
each single subject with a given comparison of interest. Statistical amtivafps were set to
uncorrected threshold levels p&£0.001 and ROIs were restricted to a 20 x 20 x 20 mm cube
centred on the peak voxel. As in previous studies reported in this thesis, to avoat analysis
(Kriegeskorte, et al., 2009) data analyses were performed on separate datmarshiselective
regions were defined as the voxels that respond more to hands compared to bodies, nor-graspar
objects and scrambled images. Similarly, tool-selective regions were defiried asxels that
respond stronger to tools compared to bodies, non-graspable objects and scrambled hmeages. T
average %BSC data (4-7 volumes after trial onset) relative to a commom®dsehll conditions

(averaged response for 0-2 volumes before block onset) extracted from each indivigeaROb
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(20 x 20 x 20 mm cube centred at peak activation) was then analysed using ahaigseanoe

(ANOVA) and post-hoc pairwisetests comparisons corrected for number of comparisons.

Multivoxel pattern analysisAs in Study 2 correlation-based multivoxel pattern analysis (MVPA,
Haxby, et al., 2001) was performed in several functionally defined ROIs, localigeth subject
individually using both runs. Three main ROIs were included in the analysis: I8€CLEft FG

and left alPS. Whereas the left LOTC and the left alPS were defined by cogtthstiresponse
average to hands, tools and bodies versus non-graspable objects, the left FG was defined b
contrasting the averaged response to hands, tools, bodies and non-graspable object versi
scrambled images. ROI selection was restricted to a cube of 20x20x20 mm width oentined
activation’s peak and all ROIs were anatomically independent of one another. The threshold for the
three ROIs was set 1<.001 (uncorrected). Within these RMistavalues were extracted for each
voxel, each condition, and each run. In each voxel the beta values for each condition were
normalized to a mean of zero by subtracting the mean response across all contitiehgise
correlations for hands, bodies, tools and non-graspable objects were then compptaihgotine

activity patterns in run 1 with those in run 2 using the approach used in Stiithis2analysis
resulted in a 4x4 correlation matrix for each subject, providing an estimdte pnétral similarity

of the four object categories in the three ROIs. Correlations were Fisher transformed (0.5 x log ((1+
N/(1-r))), and tested using ANOVAs and pairwigests.

Functional connectivity analysi§-unctional connectivity analysis for both the left LOTC and the

left alPS hand/tool was performed. Both hand/tool regions were localized in each individual subject
by contrasting the response average to hands and tools versus bodies, non-graspable objects a
scrambled images. To compare hypothetical mutual (or differential) connebiipityeen the left

LOTC and the left alPS, the patterns of functional connectivity in thagense were directly
compared to the patterns of functional connectivitthe left EBA and the right alPS respectively.

The left EBA body-selective area was localised using the contrast adsbedisus hands, non-
graspable objects and scrambled images. The right alPS was localised eisagéhcontrast used

to localise the left alPS (hands and tools versus bodies, non-graspable objects angdcrambl
images). All seed regions were defined by taking signifigasi00Q1, uncorrected) voxels within a

10x10x10 mmcube centred on the peak voxel. For each individual subject an instantaneous
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correlation map (GCM; Roebroeck, et al., 2005) for each reference region was edmgiag all

the data points of the two concatenated functional runs (6-mm smoothed).ddmgeists of the
resulting functional connectivity maps were computed using group-average sinptbt-tests.

The threshold for these whole-brain tests was determined using Monte Carlo simulation (performed
using Brain Voyager QX). The combinationwf.02 (uncorrected) and a minimum cluster size of

26 voxels corresponded to a false-positive probability (i.e. corrected threshptdD5f

4.4 Reaults

The first part of the analyses served to identify brain regions thatkively activated by hands

or tools using two separated contrasts for each stimulus. These contrasts allewieignisfy both

the hand- and tool-responsive regions. The second part of the analyses used the conjunctio
between the hand and the tool contrast to specifically highlight regions thatseiectively
activated by both hands and tools. Finally, a direct contrast between hands andriedlsce
disclose those brain regions that respond uniquely either to hands or toWbaole-brain and
individual subject ROIs analyses are presented at each step of thesanalysi

4.4.1 Tool-responsive voxels: whole-brain grouplgsia

The whole-brain group-average tool contrast (tools > non-graspable objects, badietlext
images) revealed two exclusively left lateralised foci: one in the anteaitrof the intraparietal
sulcus (alPSv) and one in the lateral occipitotemporal cortex (LOTC, see Figure 4Tabld}.1
reports Talairach coordinates averaged across participants for the cemmasofof all tool-
responsive activations. These results are in agreement with previousirgereporting tool
selective regions in both parietal and occipitotemporal cortices (Chao &niMaado0; Lewis,
2006; Valyear & Culham, 2010).

4.4.2 Tool-responsive voxels: individual subjec@lRnalysis

To investigate in detail the functional profile of these tool-responggmms, the left alPSv and

the left LOTC localized in the whole-brain group analysis, the BSC%, eadrfmt each condition

in each individual ROI were computed in a 2x5 ANOVA with ROI (left alPSvleftd OTC) and
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Stimuli (non-graspable objects, tools, hands, bodies and scrambled images) as wjddh sub
factors. Results revealed a main effect of Stimélud, = 39.44, p<.0001), showing hand
selectivity relative to the other categories (for all compariggn®001- see Figure 4.2 c,d). Tools
elicited the second highest response relative to non-graspable olpe€81]j and scrambled
images p<.001) but did not differ from bodie$%.10). However a significant ROl X Stimuli
interaction Eu60) = 27.44, p<.0001) pointed out differential activations profiles for the two ROIs.
Post-hoc pairwisea-tests confirmed hand-selectivity in both the left alPSv and the leRCLO
(p<.006 for all comparisons). Tools elicited the second highest response ridatibgects and
scrambled images in both the left alP$%.001 for both comparisons) and the left LOT=.001
for both comparisons), bdiffered from bodies only in the left alPSp<.002). See Appendix 1 for
single subjects Tailarach coordinates for the tool contrast.

In summary, these findings confirm results seen in Study 2 showing close correspondence
between hand and tool representations in the left LOTC. Furthermore, thisgfiptbvides
evidence for this correspondence being represented also in the left alPSuglyendported to be

involved in action-related processing (Jacobs, et al., 2010).

alPSv

Figure 4.2. Tool-network: whole-brain activation maps and individual subject BSC% response. a-b. Group average
statistical maps for the left lateralised tool-network are presented forothpadson of tools versus non-graspable
objects, bodies and scrambled imaged. Average peak activity (%BSC) for each stimulus category extracted fro
individual subject ROIs functionally localised with the comparison illustrateve. Error bars represent standard error.
alPS = anterior intraparietal sulcus, v = ventral, d = dorsal, LOTC = lateral atdigibporal cortex, LH = left
hemisphere.
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4.4.3 Hand-responsive voxels: whole-brain grouplysis

The whole-brain group-average hand contrast (hands > bodies, non-graspable objects,dscramble
images) revealed bilateral hand activations within parietal andimteipporal cortices. In the
parietal lobe, two separated foci were observed in the anterior portiba 8#$, one more dorsal
(alPSd) and one more ventral (alPSv). In the occipitotemporal cortex, hands aligitgdtant
bilateral activation in the lateral occipitotemporal cortex (LOTC a¢g® Study 1 and 2) and in the
lateral FG (IFG). Figures 4.3 a, b and 4.4 a, b show group average cluster activationietr par
and occipitotemporal activations maps respectively. Table 4.1 reports Talawactinates
averaged across participants for the centre of mass of all hand activations.

The present contrast revealed additional bilateral hand responses in the indetialr
gyrus (IFG). However, close inspection of the regional functional profile ed¢hbt scrambled
images elicited higher responses relative to either hands or the rest afmlle $his response
pattern suggests modulation due to attentional processes (task difficaedyeh this region. For
this reason this area was not included in the following analyses (but see4Thbbr Talairach

coordinates).

4.4.4 Hand-responsive voxels: individual subjed® Rnalysis

In order to have a general overview of hand-responsive ROIs in both parietal antbterojpiral
corticeseach subject’s peak BCS% was computed in a unique repeated-measures ANOVA with 4
ROI (alPSv, alPSd, LOTC, IFG) X 2 Hemisphere (left and right) X ®@ti (nhon-graspable
objects, tools, hands, bodies and scrambled images) as within subject factors. Datardeom t
participants were dismissed due to lack of response in the right alPSdisRevealed a
significant interaction ROl X StimuliR(2,144)= 38.72,p<.001) showing that, despite each region
being strongly activated by hands relative to the other stimuli (focoatiparisonsp< .0001),
overall ROIs showed differential functional profiles. Moreover, the interaction $idmies X
Stimuli (F46) = 6.02,p<.001) revealed differential lateralisation as function of stimuli, configm
that tools were the only stimulus category showing strong lateralisatiba Ieft hemisphere (left

> right hemisphere<.001). Overall, hand responses did not show a preference for left hemispheric
lateralisationaspreviously observed in Study 1 and 2. To better characterise the functioilal prof
of these ROIs, data from parietal and occipitotemporal cortices were split adgdedniam two

separate ANOVAs. See Appendix 1 for single subjects Tailarach coordinates for the haamst.contr
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Parietal lobe:Individual BSC% extracted from parietal ROIs underwent a 2x2x5 repeated
measures ANOVA using ROI (alPSv and alPSd), Hemisphere (left and righStiamali (non-
graspable objects, tools, hands, bodies and scrambled images) as within schjest Results
revealed a main effect of StimulF¢§.s = 33.38,p<.001) confirming hand selectivity for these
parietal ROIs (hand higher than other stimuli, for all comparigsng801 - see Figure 4.3 c-f).
However, the interaction ROl X StimulF 4s) = 7.52,p<.001) showed differential ROI response
as function of stimuli. Post-hoc pairwistests confirmed the above results (tool-responsive voxels
results section) revealing that, second to hands, tools were the only categlooyvtsignificant

response relative to baseline in the alRB8v(1- see Figure 4.3 d,f).
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Figure 4.3. Hand-network: averaged statistical maps and activation levels in parietal lobe. a-b. Group average
statistical maps for parietal hand-responsive areas are presented in the tciewmestsal slice of a single subject brain.
Activations maps for the comparison of hands versus non-grasggbtts, bodies, and scrambled images are presented.
c-f. Average peak activity (%BSC) for each stimulus category extracted ifrdividual subject ROIs. Error bars
represent standard error. alPS = anterior intraparietal sulcus, v= ventral, d4ddrsaf; hemisphere.
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Lateral occipitotemporal cortexSimilarly BSC% extracted from regions localised in lateral and
ventral occipitotemporal cortices (all 16 participants) underwent a 2x2x5 repe@sures
ANOVA using ROI (LOS and IFG), Hemisphere (left and right) and Stimuli @raspable
objects, tools, hands, bodies and scrambled images) as within subject factorandlisss
revealed a main effect of StimulF e, = 110.76,p<.0001) confirming hand selectivity in
occipitotemporal regions. Moreover, results were further qualified by an interaction Hemispheres X
Stimuli (F,60) = 28.82,p<.0001) showing hemispheric difference as function of stimuli. Post-hoc
pairwise t-tests confirmed that hands<.01) and tools g<.005 - see Figure 4.4 c,d) were
significantly lateralised in the left hemisphere. Conversely bodies showeddancy to be
lateralised in the right hemisphere instead, however this difference faileghth statistical

significance p=.17).

Overall these results show an extensive network of areas responsive t@résealtation
of human hands in both parietal and occipitotemporal cortices. However, responses tm hands
parietal and occipitotemporal cortices show differential lateralisation. Wheira the
occipitotemporal cortex hands are strongly lateralised in the left hemisphdieatiegp Study 2),

in parietal areas hands activated both hemispheres equally.
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Figure 4.4. Hand-network: averaged statistical maps and activation levels in occipitotemporal cortex. a-b. Group
average statistical maps for lateral and ventral occipitotemporal handsegpaneas are presented in the clearest
transversal slice of a single subject brain. Activation maps for the compafisands versus non-graspable objects,
bodies, and scrambled images are presemtdd Average peak activity (%BSC) for each stimulus category extracted
from individual subject ROIs. Error bars represent standard error. LOTCH lateipital temporal cortex, FG=fusiform
gyrus, LH=left hemisphere.

4.4.5 Hand/Tool overlapping voxels

In Study 2 | reported evidence for close anatomical overlap and functional simidativeen
hands and tools in the left LOTC. The observation of hand/tool overlap inth®©lEEC, as well as
existing evidence reported in the literature showing tool responses in the masetlbpened up

the question of whether the anatomical and functional coupling between hand and tool
representations could also be observed for other brain regions, notably the paetalTo
directly address this question the conjunction between the two contrast® ugedlise the hand

and the tool areas described above was performed ((hands > bodies, non-graspable aed scramb
images) & (tools > bodies, non-graspable and scrambled images)). Two previouslpedescr
regions were highlighted by the conjunction analysis: the left alPSv and th©TE@ (see Figure

4.5 a,b for group average maps and Table 4.1 for group average Talairach coordindbes).
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alPSv region the hand/tool overlap was present in 14 out of 16 subjects. In ti@TEftregion,
overlap between hands and tools was found in all participants. Analysis ofdiielual subject

peak’s centre of mass confirmed close anatomical similarity between hand and tool representations
by showing no distance betweeny z Talairach coordinates in both regions>60 for all
comparisons). Figure 4.5 ¢ shows activation maps overlap for both contrasts in each individual
subject.

4.4.6 Interim summary

So far, this data revealed two areas in the left hemisphere that are seleuattixglted by both
hands and tools stimulithe left alPSv and the left LOTC. These results replicate the shared
selectivity for hand and tool representations in the left LOTC found in Studgd2furthermore
show that this hand/tool correspondence is similarly represented in the alp@v part of the
frontoparietal action network (Jacobs, et al., 2010; Peeters, et al., 200®stintdy, the alPSv
hand/tool region reported in this studyy z -50 -29 39) is closely located to the region in the
parietal lobe that was found to be seledyiveonnected to the left LOTC hand/tool region in Study
2 (Experiment 1x -53y -32z 34; Experiment 2x -41y -44z 45).

Study 3 revealed hand/tool selectivity in the left parietal lobe other thanleft
occipitotemporal cortex. This is also in agreement with evidence reported irethtuli¢ for tool-
sekctive responses in parietal areas (Chao et al., 2000; Valyear, et al.vVaB@ayr, et al., 2009).
Why was selectivity for hands and tools in parietal areas not revealed mesthlies from the
previous studies (Study 1 and Study 2)? One reason might be differences in stimuluatimesen
Indeed, whereas in the current study images of hands and tools were presented frast lawith fi
third-person perspective (see 4.1 Introduction and 4.2. Materials and methods), in Siudly 1
Study 2 images of hands and tools were depicted from only the third-person pesspectiv
Presentations of pictures of hands and tools from both first- and third-person persmégtitve
have triggered responses in parietal areas due to the egocentric frame oteefrsed by thee
regions to encode object visual information (Goodale & Milner, 1992; Goodale &wtet
2004). However, as the fMRI block design averages the response activation acrasmddicin
(e.g., hands, tools etc.) and given that first- and third-person perspectives ivetewithin the
same block, the analyses do not allow investigation of any differential effgargpective in
occipitotemporal and parietal hand/tool regions. Future studies are needed totlndaridye of
perspective in these areas.
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Taken together these results suggest that the left alPS and the left LO@rtaof a
network processing hands and tools. These representations for tools and hands mightelde engag
during execution and observation of hand/tool actions. Other than in LOTC and rath@vs,
responses to hands were also found in the fusiform gyrus. However, in contrasetal pad
occipitotemporal regions, this region did not respond to tools. Evidence from fMRI and brain lesion
literature suggest that animate (e.g. animals) and inanimate (e.g., artefamts)catggories are
stored independently in the fusiform gyrus (Caramazza & Shelton, 1998; Kriegeskakte2@08;

Mahon & Caramazza, 2009). This observation suggests that hands (animate) and tools €élhanimat
might be independently represented in this region. To investigate this hypottbsisaxt section
I will use the direct contrasts of hand > tool and tool > hand to highlegibms that are

independently activated by either hands or tools.
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Figure 4.5. Hand/Tool overlap: averaged statistical maps. a. Overlay maps for the comparison of hands versus non-
graspable objects, bodies, and scrambled images (H> O+B+S, yellow cottad) and for tools versus non-graspabl
objects, bodies, and scrambled images (T>0+B+S, blue colour codeldg fgroup averaged data.Averaged maps for
hand and tool overlap activations localised by the conjuncorlysis of comparisons described above
[(H>0+B+S)+(T>0+B+S)]. c. Activation overlap for hand and tool was found in 14 dutésubjects in the left alPSv
and in 16 out of 16 subjects in the left LOTC. Pairviisests comparing Talairach coordinates for ROIs centre of mass
did not show significant any difference betwery,¢p>.50, in both the left alPSv and the left LOTC).
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Table 4.1. Whole-brain statistical activation maps overview. Main contrasts, brain areas, volume, Talairach
coordinates and values for averaged group data. O = non-graspable objects, T =Hosl$iands, B = bodies, S =
scrambled images.

Contrast Brain region Vol. mm® Talairach Coordinates tvalue
X y z

H> O+ B+S Left lateral occipital sulcus 7206 -48 -70 -10 55
Left middle fusiform gyrus 544 -44 43 19 5.5
Rightlateral occipital sulcus 5767 47 -64 -8 5.5
Right middle fusiform gyrus 400 43 -46 -18 5.5
Left dorsal anterior-intraparietal sulcus 567 -32  -5753 6.0
Right dorsal anterior-intraparietal sulcus 70 32 -56 53 6.0
Left ventral anterior-intraparietal sulcus 3695 -44  -3338 6.0
Right ventral anterior-intraparietal sulcus 2568 37 -38 48 6.0

H>T Left lateral occipital sulcus 7761 -46  -73 -3 7.2
Left middle fusiform gyus 370 45 41 22 6.2
Right lateral occipitotemporal cortex 3852 49 -60 -3 8.7
Right middle fusiform gyrus 258 45 -41 -19 8.2
Left dorsal anterior-intraparietal sulcus 1894 -34  -4743 5.9
Left ventral anterior-intraparietal sulcus 377 -50 -3038 4.9
Right ventral anterior-intraparietal sulcus 4716 36 -44 46 54
Left inferior frontal gyrus 717 -46 0 28 54
Right inferior frontal gyrus 707 40 -5 50 5.4
Left frontal operculum 474 29 -9 45 45,
Right frontal operculum 485 31 -19 5 54

T> O+ B+S Left lateral occipital sulcus 1810 -48  -68 -12 3.0
Left ventral anterior-intraparietal sulcus 659 -50 -29 38 3.0

T>H Left middle fusiform gyrus 2061 26 -48 12 5.9
Right middle fusiform gyrus 1012 27 -60 -13 5.9

[(T>0O+ B+S) + (H>0+B+S)]
Left lateral occipital sulcus 1228 -4868 -13 3.3
Left ventral anterior-intraparietal sulcus 433 -50 -29 39 3.3
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4.4.7 Hand/Tool voxels dissociation: whole-braiogp analysis

Whole-brain activation maps for tool > hand revealed bilateral activatiom® imédial aspect of

the fusiform gyrus (mFG, see Figure 4.6 a). Conversely, the contrast hand xtieated the
lateral portion of the fusiform gyrus (IFG, see Figure 4.6 a). This latter contsasteaaled the
same network of hand-responsive areas, in line with the previous analysis, ial paxiet OTC
regions (see Table 4.1 for mean Talairach coordinates). However, since theseaaechsem
extensively described in previous sections, in this study only areas that show functional
distinctiveness between hands and tools will be investigated in more detaiinalsindual subject

ROI analyses.

4.4.8 Hand/Tool voxels dissociation: individual pdis ROl analysis

Individual subject BSC% extracted from 14 participants (2 participants wengderictiue to lack

of activation in one of the two contrasts), from the two contrasts, underwent & 2peated
measures ANOVA using ROI (tools > hands and hands > tools) and Stimuli (non-graspable
objects, tools, hands, bodies and scrambled images) as within subject factolts. ilResaled a
significant interaction ROI X Stimuli Hs; = 39.96, p<.0001) revealing differential ROIs
activation profile as function of Stimuli. Post-hoc analyses confirmed ofiggotin functional
dissociation in FG showing that the inanimate object-category (i.e. non-graspable objects and tools
elicited higher response relative to the animate object-category (i.e. handslae®) iwomFG (for

all comparisonp< .001 see Figure 4.6 d,e). Conversely, responses to the animate object-category
(i.e. hands and bodies) was significantly higher relative to the inanimpaet-chtegory (non-
graspable objects and tools) in IFG (for all compariggn$01, see Figure 4.6 b,c).
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Figure 4.6. Hand/Tool dissociation in the fusiform gyrus: averaged statistical maps and activation levels. a. Group
average statistical maps for the direct contrast of tools versus hands (Teeldobdur coded) and hands versus tools
(H>T yellow colour coded) in the fusiform gyrus are presented in glessubject brainb-e. Average peak activity
(%BSC) for each stimulus category extracted from individual subject brairs fweationally localised with the
comparisons illustrated above. Error bars represent standard error, F@rfugyrus, m=medial, |=lateral, LH=left
hemisphere

This data confirms the large body of evidence pointing to functional dissociativadret
animate and inanimate category representations within IFG and mFG respectwgly
Kriegeskorte, et al., 2008; Mahon, et al., 2009). Moreover, the observatiomtiast dnd tools are
represented within separate portions of FG suggests that the type of ifdorstated in mFG and
IFG might be ofadifferent nature (e.g., conceptual knowledge) than the one stored in the left alPSv
and the left LOTC.

In light of (1) univariate results revealiagonsistent degree of overlap between hands and
tools in the left LOTC and the left alPSv (Study 2 and Study 3) and, (2) connefitidings
showing connectivity patterns between the left LOTC hand/tool region andoietioiarietal areas
(Study 2), predictions could be advanced on the hypothetical functional link between the I€ft LOT
and the left alPSv. To test this hypothesis | will use two additional analigemstantaneous
connectivity (Roebroeck, et al., 2008% a measure to test patterns of functional connectivity
between left LOTC and left alPSv hand/tool regions; (2) muti-voxel pattern analgsisI{YPA)
to investigate whether anatomical correspondence between hand and tool representatsns i
reflected in a similar distribution of these categdriessponse patterns in both parietal and
occipitotemporal regions.

Study 2 revealed: (1) selective functional connectivity between left LOT@/toah and

left frontoparietal areas, and (2) similar distribution of handtaotpattern responses in the left
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LOTC. Aside from the attempt to replicate results reported in Study Zuhient study aims to
investigate whether similar results can be found for the parietal handftemd. Indeed, if (as
proposed in Study 2) the praxis system plays a causal role in shaping the anatomical overla
between hand and tool representations in the left LOTC, then mutual patterns of flinctiona
connectivity between left alPSv and left LOTC hand/tool regions are predictedusimgnthe left

alPSv as seed region.

4.4.9 Functional connectivity analysis

Analysis of functional connectivity was performed using Granger Causédipping (Roebroeck,
et al., 2005) as in Study 2. Two separate analyses were performed using the following seed region:
1) left alPSv hand/tool and, 2) left LOTC hand/tool. If alPSv and left L@&kd/tool areas are
functionally connected with each other via their common functional role inthahgtocessing
then one would expect the left relative to the right alPSv hand/tool atmadignificantly more
connected to the left LOTC. In addition, | expect to replicate results repaort&dudy 2 by
showing significantly stronger connectivity between left LOTC (redatio nearby EBA body
region) and left alPSv hand/tool regions.

In a first analysis the left and right alPS hand/tool regions were definedtbsimgntrast
of hands and tools versus bodies, non-graspable objects and scrambled imagesusttgasize
(mn?) and Talairach coordinates,y,2) of each ROI were: the left alPSv (589 mmy z = -41, -
37, 39) and the right alPSv (464 rmy z= 37, -36, 42). Figure 4.7 (left panel) shows left alPSv
and right alPSv hand/tool seed regions in three representative participaatsfuridtional
connectivity of these left and right alPSv hand/tool regions was computed for e&clpaatr
individually, resulting in 16 connectivity maps for each of the two regioigu(@ 4.7, middle
panel). The direct contrast of left and right alPSv connectivity maps wisrped using group-
average paired-sampletests. As predicted results revealed significantly stronger connectivity
between the left alPSv and the left LOTCY z = -45, -61, -12;p<.05, corrected for multiple
comparisons). See figure 4.7 (right panel) for groupamesfunctional maps and Table 4.2 for
corresponding Talairach coordinates. Significant high functional connectivity wadaaind for
the region surrounding the left alPSv seed regionz= -40, -37, 37p<.05, corrected for multiple
comparisons). Instead, the right alPSv did not show any significant stronger conngctitety

(relative to the left alPSv) with any other brain region.
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Figure 4.7. Functional connectivity analysesfor left al PSv and right al PSv hand/tool seed regions. Left panel shows
parietal seed reference regions (left alPSv hand/tool and right alR&tdud) in three representative participants for the
functional connectivity analysis. Middle panel shows corresponditigidtual-subject functional connectivity maps (at
p<.01 (FDR corrected), dark red colour coded). Right panel shows thesresuli direct contrast between the
connectivity maps of the two seed regions. Warm colours indicate segi@mwing increased functional connectivity
with the left alPSv hand/tool region relative to the right alPSv hasldfiegion (p<.05, corrected for multiple
comparisons). The opposite contrast (right alPSv hand/tool > left al@®V/tbol) did not reveal selective functional
connectivity with any brain region.

In a second analysis the left LOTC hand/tool and the left EBA body areas werasused
seed regions and defined using the following contrasts: (1) hands and tools versus bodies, non
graspable objects and scrambled images for the left LOTC hand/tool regib(2) bodies versus
hands, non-graspable objects and scrambled images for the left EBA body region. Mean cluste
size (mm) and Talairach coordinates, {/, 2 of each ROl were: the left LOTC (691 Mmy z= -

47, -66, -4) and the left EBA (605 minx y z= -47, -75, 1. Figure 4.8 (left panel) shows the left
LOTC hand/tool region and the left EBA body region in three representative tsubjéese
whole-brain connectivity maps were directly contrasted with each other using-ayretgge

paired-sample-tests, in order to test for regionally selective functional connectthidy was
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consistent across participants. Replicating findings reported in Study 2,sreswitaled
significanty stronger connectivity between the left LOTC hand/tool and left paristas & y z= -

37, -55, 53,p<.05, corrected for multiple comparisons). See Figure 4.8 (right panel) for group-
average functional maps and Table 4.2 for corresponding Tailarach coordinatesfigasighigh
correlation was also found for the region surrounding the left LOTC hand/tool seed region {

47, -62, -9;p<.05, corrected for multiple comparisons). In contrast, the nearby EBA body region
did not show any significant stronger connectivity pattern (relative to the @RC hand/tool

region) with any other brain region.
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Figure 4.8. Functional connectivity analyses for left LOTC hand/tool and left EBA body seed regions. Left panel
shows occipitotemporal seed reference regions (left LOTC hand/tool afBkefbody) in three representative subjects
for the functional connectivity analysis. Middle panel shows correpgnndividual-subject functional connectivity
maps (ap<.01 (FDR corrected), dark red colour coded). Right panel shows tHesrefa direct contrast between the
connectivity maps of the two seed regions. Warm colours indicatensegliowing increased functional connectivity
with the left LOTC hand/tool region relative to the left EBA body region @5, corrected for multiple comparisons).
The opposite contrast (left EBA body > left LOTC hand/tool) did not¢akselective functional connectivity with any
brain region.
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These functional connectivity results converge and add onto findings reported in2Study
showing that both left alPSv and left LOTC hand/tool regions show mutual patternstdriah
connectivity. More genengl, analyses reported in Study 2 and the current Study 3 support the
proposition ofa unique functional link between the left lateralised occipitotemporal and parietal
areas involved in processing hand and tool representations.

Table 4.2. Results of functional connectivity analysesin Study 3

Functional connectivity results X y z mn?

left al PSv hand/tool seed region
left parietal 40 -37 37 5671
left LOTC 45 -61 12 77

left LOTC hand/tool seed region
left parietal 37 -55 53 966
left LOTC 47 -62 -9 1342

Group-average Talairach coordinates and cluster size for all re(per35, corrected) identified in the functional

connectivity analysis are reported for left alPSv and left LOTC reaéd regions. To investigate mutual functional
connectivity between alPSv and left LOTC hand/tool regifimsstional connectivity maps from the left alPSv hand/tool
seed region were contrasted with connectivity maps from the rightv ai@8d/tool seed region, and functional
connectivity maps from the left LOTC hand/tool seed region wengrasted with connectivity maps from the left EBA
body-selective seed region. LOTC = lateral occipitotemporal cortex, alPS = amémparietal sulcus, v = ventral.

4.4.10 Multivoxel pattern analysis

Univariate results revealed that whereas representations for hands and to®lsrsitamical
territories in the left LOTC and left alPS suggesting a close functiamalbietween these two
areas, in the IFG representations for these categories are largely indepenéaich other
reflecting the well documented dissociatioragimate versus inanimate domains (Kriegeskorte, et
al., 2008; Mahon, et al., 2009). Here, to examine whether distribution of response [pétleess
object categories reflects univariate results, | used multivoxel pattern an@iy$iPA) to
investigate similarity of hand, tool, body, and non-graspable objects resporibesiaft LOTC,

left alPS and left FG. As described in the previous chapter, methods such asav®/Réll suited

to investigate similarities in representations between object categbaeshare overlapping

territories. To this aim MVPA will be applied to investigate thdofelng experimental questions
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in more details. (1) Is the large anatomical correspondence between hand aegrésentations

in the left alPS (reported in current Study 3) also reflected in a sidmsibution of their response
patterns? (2) Conversely, as suggested by univariate results (see Figuagedt@nds and tools
represented independently in IFG? In addition, as shown in Study 2, distribution of response
patterns of tools and hands are expected to be highly correlated witlotbachelative to other
categories (e.g., bodies) in the left LOTC.

To test these experimental questions, the left LOTC, left alPS and lefeF&defined in
each individual subject using contrasts described in the methods section (Materidistlands).

Figure 4.9a shows the three ROIs in a representative subject. Mean cluster raiyeafm
Talairach coordinates(y, 2 of each ROI were as follows: left LOTC (3384 fhmy z=-48, -71,

-2), left alPS (2327 minx y z= -40, -45, 43) and left FG (5912 minx y z=-38, -43, -19). Within

these ROls, we then correlated the voxel-wise patterns of activity between each of the conditions o
interest across the two runs (e.g., hands rutdols run2). Figure 4.9c shows the 4x4 correlation
matrices averaged across subjects, and Table 4.3 reports mean cowelatsn(averaged across

the two runwise comparisons).

Results in the left LOTC replicated findings reported in Study 2 showing that, although
overall responses to hands and bodies were significantly higher than all other categories (see Figur
4.9 b, for all comparison<.001), high correlation was found between response pattern
distribution to hands and tools=( 0.09). Indeed, pairwisétests revealed significant higher
correlation between tools and hands relative to tools and baglies €7.99,p<.001,r= -0.57),
hands and bodieg({5) =2.84,p<.01, r= -0.22), hands and non-graspable objet{t5] =5.06,
p<.001,r= -0.34). Interestingly, in the left LOTC, tools were also highly correlated non-
graspable objectg£ 0.20). Indeed, the correlation between tools and non-graspable objects was
significantly higher than the correlation between hands and non-graspables d@ffiesit =8.30,
p<.001), but did not differ from the correlation found between hands and tdd} £1.38,p>.1).

In the left alPS response patterns to hands and tools did not correlate wittheadh-60.05, see
Figure 4.9 c). Instead, in this region, tools did correlate significantly more bstrositfpy non-
graspable objects than with hant{4%) =2.80p<.01,r= 0.16). Finally, in the left FG results match
univariate analyses showing high correlation between the two animate categories (fthnds an
bodies,r= 0.39) and the two inanimate (tools and non-graspable object8,14) categories.
Correlations between animate categories (hands and bodies) were significiretythan all other

comparisons (for all comparisoms:.001, see Figure 4.9 c). Similarly, the correlation between
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inanimate (tools and non-graspable objects) were significantly higher thathexllcomparisons
(for all comparisong<.006, see Figure 4.9 c).
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Figure 4.9. Multi-voxel pattern analysis (MVPA) in Study 3. a. ROIs used for MVPA in a representative subject.
ROIs were functionally defined in each individual subject by contrgdtie average response to the conditions of
interest (hands, tools and bodies) relative to non-graspable objects (left LOT&taiPS) and hands, tools, bodies and
nongraspable objects relative to baseline (left A&)Average activity (%BSC) for each stimulus category extracted
from the ROIs used in the MVPA. Multivoxel correlation matrices in the left LOCT, left alPS, and left RGivity
patterns for each condition were correlated with each other across=ach cell of the matrix represents the correlation
value (averaged across subjects) for the between-category (off-dggand within-category (diagonal) correlations.
Warm colours represent positive correlations and cold colours represent@egatélations.

Overall, multi-voxel pattern analyses confirmed similarity (see also study Ryedme
distribution of hand and tool response patterns in left LOTC. Instead, within bd#ftta#S and

left FG representations for hands and tools appear to be largely independent of one another.
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Table 4.3. Results of multi-voxe pattern analysisin Study 3.

bodies hands tools non-grasp objects
left LOTC bodies 0.89 0.25 -0.56 -0.17
hands 0.82 0.09 -0.34
tools 0.59 0.20
nongrasp objects 0.46
left alPS bodies 0.43 0.05 -0.02 0.24
hands 0.65 -0.12 0.00
tools 0.47 0.16
nongrasp objects 0.23
left FG bodies 0.71 0.39 -0.46 -0.48
hands 0.83 -0.20 -0.78
tools 0.45 0.14
nongrasp objects 0.82

Mean correlation values for within-category (e.g., hands-hamdspetween-category (e.g., hands-tools) comparisons in
the left lateral occipitotemporal cortex (LOTC), left anterior intraparietal cortex (left alRISgfafusiform gyrus (FG).

4.5 Discussion

This study investigated whether category related activations for visidrarads and tools are
presentin cortical areas other than LOTC. Connectivity analysis of the LOTC regionrtedpas

part of Study 2, suggests association to the front-parietal network. The ahis aftudy was
therefore to reveal whether, similar to the left LOTC, hands and &wel represented in parietal
regions. Results document three main findings: (1) overlap between hand and teanteticns

in both the left LOTC and left alPSv; 2) differential profile for hand respoisearietal areas
alPSd and alPSv, and (3) anatomical and functional dissociation between hand and tool
representations in the fusiform gyrus. | will now expand on each pointaselyaiFirsly, results
revealed that the left LOTC and left alPSv show similar anatomical and doalkcthand/tool
correspondence. The functional connectivity analysis further confirms the finding reported in Study
2, showing existing patterns of functional connectivity between the left LOTC and RSv al
hand/tool regions. This result further suppdtie hypothesis advanced in Study Rinctional
organisation of hand and tool representations in high-level visual cortex is partipideteby the
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type of information these objects provide, and reflects non-visual objecrpesp(maybe action-
related) processed by specialised regions within the frontoparietal netWbik functional
specialisation is reflected in functionally connected parietal regionsestitegly, MVPA results
show that in spite of close anatomical overlap between hands and tools in both Lt & and

left alPSv, these regions encode hand and tool representations differentlgd, hwtiereas hand
and tml response patterns are very similarly distributed in the left LOTC (see Stadg Study

3), these representations appear to be independent from each other in dahieSeftTherefore,
although results clearly speak in favour of these regions being part of a commuoutataoral
network, left LOTC and left alPSv hand/tool regions might instead represtaedtifal stages of
hand/tool information processing. For instance, form-related object representaiiints be
processed within overlapping visual substrates (e.qg., left LOTC) and subsequently sentrwi@ com
pathways to those brain regions that specify the motor repertories assodiatkednd/tool actions
(e.g., left alPSv). Secohd visual presentation of hands furthermore elicits distinct fMRI
responses in the dorsal and the ventral portion of the alPS. Interestingly, pemetalctivations,
unlike the tool responses, did not show exclusively left hemispheric lateraliddtioeover, the
differential functional profiles of ventral and dorsal alPS suggest thawiheegions subserve
different cognitive tasks. On the one hand, given the role played by the superior paeta
visually guided actions, | advance the hypothesis that the dorsal alPS (hand-respdgbivbE m
involved in providing visual feedback of hands during remegrasp movements. On the other
hand, given the role played by the inferior parietal lobe in tool-use, | advaads/pothesis that
the ventral alPS (hand/tool responsive) might be involved in storage of hand/tawi act
representations. Thilg, the FG was found to showlarge scale dissociation between hand and
tool representations. This is in agreement with previous reports showingbikat dimensions

stored in the fusiform gyrus follow the category domain distinction (i.e. animate versus ignimat

4.5.1 Hand/Tool representation in the left occif@toporal cortex

Study 2 reported evidence for a large similarity between response pattermiisisitior hand and
tool representations in the left LOTC. These results were replioatdte present study using
different visual stimuli in a different group of subjects. Interpretator hand/tool correspondence
in the left LOTC has been extensively described in Study 2, so the rest of thisidiseuti focus
on results showing overlap and segregation of hand-tool representations in parietalfarmd fusi
areas respectively.
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4.5.2 Hand/Tool representation in the parietaleort

These results showed that close anatomical correspondence between hand and touhteEpgse
beyond the left LOTC, extends to the left parietal cortex in the verardébp of anterior IPS.
Interestingly, these two areas are functionally interconnected suggestingpdhtiiipation to
related computatical processes. Activation in the parietal lobe to vision of tools has been
previously reported (Chao & Martin, 2000; Creem-Regehr & Lee, 2005; Valyedr, 2007) and
interpreted as reflecting automatic enhancement of potential hand motor programseasgditiat

a given tool (Chao, et al., 1999; Chao & Martin, 2000). In other words, this area is thought to play a
role in storing representations of tool-use actions. The current results éxteaxisting evidence

by showing that responses in this region were even more strongly modulated by eseatgtion

of hands, suggesting that tool-related motor programs are not stored indepeinoienthe actual
effector associated with its use, namely the hand. Future studies are neatestigate the exact
nature of the information carried within this region in order to assesh@vtaich representations
might be associated with stored knowledge of how the hand manipulates objects.

One possible driving force underlying this functional and anatomical associadipripen
learning. Indeed, experience and learning is essential in order to acquire dextaety in using
complex tools and instruments (e.g., playing the guitar, using the computer mouse &imughAlt
grasping abilities appear early in life with infants showing this capakiiihin the first few years
of life (e.g., grasping mum’s finger or the baby’s bottle), learning how to handle a pen to write
requires long practice until writing becomes automatic and effortless. Thigligaanteraction
with tools and learning processes throughout life might therefore playviéegeid role in
influencing the structural organisation of neural substrates underling thisndefognitive ability
that sets humans apart from other species.

Physiological and cognitive changes follow the acquisition of skilled tool-use. For
example, evidence suggests that meaningful hand-tool interaction leads to the aticormédrthe
tool as arextension of one’s body (Iriki, Tanaka, & lwamura, 1996). It could be that throughout
learning, information about tool action representations is modulated by the uniqueniinct
interaction between the hand responsible for controlling the tool and theegpmnsible for
extending (in a mechanical way) manual dexterity. In this view, experience wtay a critical
role in binding hand-tool motor programs with corroborative contributions figreint sensory

modalities (e.g., proprioception and vision).
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Examples of plasticity following hand-tool interaction have been reported irtehetuire,
although reported areas do not seem to be in the vicinity of the left alPSvtdr@dTél described
in this studies. For example, Iriki and co-workers (Iriki, et al., 1996; Ishibat al., 2002;
Obayashi, et al., 2001) showed that receptive fields of bimodal visual/somatosensory neurons in the
monkey’s posterior parietal cortex change as a function of experience. After extensive tool usage
these neurons extended their receptive fields to incorporate the rake as an exfetisonody
(but see also Gallivan, Cavina-Pratesi, & Culham, 2009 for fMRI in humans). Camyergi
behavioural evidence in humans shows that extensive practice with tool alters hardemtsy
such as direction and velocity (Cardinali, et al., 2008restingly, alteration of hand movement
kinematics persists for long after, when the same movements are carriedgthautt the tool
(Cardinali, et al., 2009). Finally, these motor related after effects walere associated with
distorted perception (i.e. elongated representations) of arm length (Cardinali2@08). Tool-use
represents a unique type of functional interaction between the hand and thendouthile
manipulating a given tool, brain mechanisms must incorporat®dhas part of someone’s body
to effectively control guided skilled movements. Therefore, experience might fday wle in

driving converging hand/tool representations within intraparietal areas.

4.5.3 Selective activation for the hand in the ptii cortex

Whereas viewing a hammer is likely to trigger a stereotypical up and down handnembve
representation that is associated with its use (if already part of one’s motor repertory), the
comprehensive range of hand actions one can think of is not limited to skillasséms. Indeed,
the human’s extraordinary manual dexterity in reaching and grasping toward objects, even if
intuitively less complex than skilled tool-use, still requires proficientrobnthen directing the
hand toward the target and shaping it to the size of the object. In human and ronghimnates,
a region in the anterior portion of the intraparietal sulcus (alPS - AlRlbgoes in monkeys),
which divides the superior parietal lobe (SPL) from the inferior pariets (IPL), is engaged
when performing hand grasping movements (Castiello & Begliomini, 2008; Cuétaah, 2006)
This so called ‘grasping area’ is generally found bilaterally with the contralateral left hemisphere
being strongly activated when grasping with the right hand (Culham, et al., 2@@3; TRinik,
Cross, & Grafton, 2007). On the other hand, vision of graspable-tools (i.e. a artsot other

non-graspable-objects (i.2TV) activates a region within the left IPS that is anatomically close to
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the alPS grasping area but segregated from it (Valyear, et al., 2007; Valyaadham, 2010).
Therefore together, this evidence points toward the existence of specialisednaineetworks
underlying control of skilful hand/tool usage and segregated from the one subserving hand
prehension in general (Johnson-Frey, et al., 2005; Johnson & Grafton, 2003). Supporting evidence
also comes from clinical data showing that whsimpairment of sensorimotor transformation for
prehension is commonly observed after bilateral superior parietal |¢Semsnerod, et al., 199
high-order disorder of movement representations such as apraxia is causedhieynispheric
lesions primarily within the ventral frontoparietal network (Haaland, et €@0)20

In line with this evidence, our results show that viewing of hands elicitsaoh within
an extended network comprising the dorsal and the ventral portions within Hpaimdtal sulcus.
Interestingly, these hand responses in the alPSd, unlike the exclusivelatéeftlised tool
responses in the alPSv, are bilaterally represented and show differential funptiofilak.
Whereas regions in the dorsal aspect of IPS respond exclusively to thehleavehtral portion of
IPS responds to both hands and tools. The differential functional profile of thesgi@ts is
likely to underlie differential computations. Here, | suggest that whereas the left alR@ti@ttio
vision of hands and tools s likely to characterise storage of complex hand-tami acti
representations (e.g., hammering), bilateral alPSd activations to vision ofihdasolation might
instead subserve coding of visual information about hand position which is impdéotant
controlling visually guided movements in general (e.g., readiohgyasp).

This data is also consistent with the theoretical suggestion that human garietiain is
associated with distinctive subdivisions. According to this division of labidur in the left
hemisphere would be responsible for storage and retrieval of skilled actions (Bux2iiim,
Kalenine, et al., 2010) and planning/programming action execution (Glover, 2004), wlBteas
bilaterally would subserve dynamic spatiotemporal motor processing (Gl@@8; Zeannerod, et
al., 1994) and coding of extrinsic/intrinsic object information for onlindrobiof action (Cavina-
Pratesi, Monaco, et al., 2010; Dijkerman & de Haan, 2007).

Neurons responsive to static (Graziano, Cooke, & Taylor, 2000) and dynamic
(Mountcastle, Lynch, Georgopoulos, Sakata, & Acuna, 1975) visual depictions of hands/arms have
been also described in the monkeys’ superior parietal lobe. Interestingly, subpopulations of neurons
in parietal area 5 also fire when seeing a ‘fake’ hand/arm as long as it matches a realistic position
(cells do not fire if the fake right arm appears to be attached teftrghoulder - Graziano, et al.,

2000). In humans, converging evidence has been reported showing that fMRI responses in IP<
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positively correlate with visual co-occurrence of hand movements (Hasson, Nir, Flidgwmann,
& Malach, 2004). Taken togeth this evidence suggests that visual information about the hand
might be encoded within dorsal parietal regions. However, so far it wadeantwhether parietal
responses to hand actions were associated with visual depiction of hands alonef tigdarget
object, or vision of the action in general (these possible alternatees confounded in reported
studies). Results from the current study therefore extend our knowledge byglibai visual
information of the hand alone elicits bilateral responses in the dorsal portid?SofFuture
research should investigate the extent to which this region might be anatomichiiynctionally
related to regions reported for execution of grasping (alPS (alPS, Céham,2003; Culham &
Valyear, 2006) and observation of grasping movements (Grafton & Han#ld@i@; Shmuelof &
Zohary, 2005, 2006).

4.5.4 Dissociation between hands and tools inuk#drm gyrus

Unlike the left LOTC and left alPSv where close correspondence between respohard and

tool representations was found, representations of hands and tools wecatidsfrom each other
in the fusiform gyrus. These results suggest that the nature of representadused in mFG
(tools) and IFG (hands) differs from the one processed in the left lagerdiand-tool network
comprising the LOTC and alPSv.

The current study offers new insight about the stage at which categarivitgle
organisation might take place in the visual system. In agreement with dikideggeskorte, et al.,
2008; Mahon, et al., 2009) demonstrating that the FG shows differential catelgatjvite for
living and non-living things, here we found that whereas the medial FG preskutsvisg for
tools and non-graspable objects (inanimate category), the lateral FG showsnpeefier hands
and bodies (animate category). Importantly, such category dissociation is not exibdeantn the
more posterior occipitotemporal region. This suggests hand and tool representati&thsvighin
the FG and occipitotemporal areas essentially differ in term of information content.

In an fMRI study Beauchamp and colleagues (2002) showed that whereas the left MTG
was responsive to rigid unarticulated tool motion even when presented irorsahtrisual tool
presence (point light displays), the mFG activation did not distinguishngawid static tools and
preferred real tools to point light displays. Together with this evidence, our resujessttigat

information stored in mFG might relate to visual object form, surfeegufes and semantic
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representations associated with a given object (e.g., tools and objects looilp toethe same
semantic category, nametynanufactured’). Conversely, the left LOTC and left alPSv showed
striking similarities between hand and tool functional profiles as wellfusgtional inter-
connectivity. This suggests that information encoded within these areasaptaijtical role in
subserving action-related processing.

4.5.5 No evidence for tool and hand selective resps in frontal areas

In contrast to previous reports (Chao & Martin, 2000; Lewis, 2006; Martin, et9#lg) these
results did not reveal selective tool responses in the frontal lobe. One reason for this difference may
be the task used. In fact it is plausible that the visual discrimmatiek (used in the present
studies) might not activate the tool network to the same extent as tirgrtask does (Grafton,
Fadiga, Arbib, & Rizzolatti, 1997; Lewis, 2006). Indeed, during the tool-naming taskijpants

might try to imagine the typical tool usage in order to regrithe correct tool name. Moreover, it
might be that silent retrieval of tool namgsapoint language regions such as Broca’s area involved

in verb processing. Indeed, tool names more frequently than other objects correspond to their actiol
verbs (e.g., the hammer = to hammer vs. the glass = to drink). It is notaltleethese ofa tool

naming task leads to activation in the frontal node of the tool network, naneelgft inferior

frontal gyrus (IFG - Chao & Matrtin, 2000; Grafton, et al., 1997; Martin, et al., 1996; Vabtes.,

2007).

4.5.6 Conclusions

In conclusion results show consistent overlap between regions within the left alPSv &l ieft
that process visual information concerning hands and tools suggesting that rapoeseaf tools
in these regions are uniquely associated with representations of the hand. Thisinkimight be
driven by a combination of different factors such as top down learning effectstrantliral
connectivity constraints. During tool-use, representations of hand and tool are bouhdrtagdt
the brain incorporates the tool as an extension of one’s body to successfully guide motor control of
hand movements. That is, tools are not functionally isolated from hands and concstremoior
experience together with connectivity constraints may be key factors imgdriunctional
organisation of neural substrates storing sensorimotor and visual hand/tosenégtiens in the
left IPSv and left LOTC respectively.
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Chapter 5

Study 4: Investigation of visually-evoked and
motor-evoked response patterns in left LOTC
and left alPSv hand/tool regions

5.1 Overview

Study 2 and Study 3 provided evidence for a close functional correspondence between the lef
LOTC and left alPSv hand/tool regions. Hand and tool visual representations were cénsistent
shown to overlap in both these specific regions within the occipitotemporal atea tfemerally
associated with vision and the parietal lobe associated with the motarkeivinis functional
correspondence between hand and tool representations in both the left LOTC ar@Sefisal
further qualified by evidence of functional connectivity between the left L@QR@ left alPSv.
Taken together, these results suggest that computations processed within thesel agibihs
might subserve common cognitive processes. Therefore, the functional interactiearbdtwsal
‘action-relatedl and ventral ‘visualy-related areas may suggest that information encoded within
these regions might not be exclusively visual in nature but visuomotor insteativePsteared
representations for vision and action resonated with extensive recent resgiaithinvestigating
the extent to which action execution and action observation relies on common coding. The
rationale for these studies comes from neurophysiological evidence for neurocsdéaboth
action observation and execution. In line with neurophysiological evidence, in humant rece
reports have shown first evidence for visuomotor crossmodal coding in occipitotemporal and
frontoparietal regions (Oosterhof et al., 2010). However, patient data showingritiecognitive
impairments associated with ventral ‘visualy-related and dorsal ‘action-related areas suggests
that these brain regions encode visual and motor information differentialiyltfRe=ported in this
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thesis so far together with evidence reported elsewhere in the literatureheigeeistion of
whether information encoded in the left LOTC and left alPSv hand/tool regionsui@motor
crossmodal in nature. This question will be investigated in the present study irexteod
investigation of hand/tool representations within the visual domain to alsadénthe action
domain.

5.2 Introduction

In recent years a large number of human fMRI studies have investigated functionglaratesse
between brain regions involved in action execution and action observation (for reviews, see
Agnew, Bhakoo, & Puri, 2007; Rizzolatti & Craighero, 2004). Results mostly demonstratg a lar
degree of overlap between motor-evoked and visually-evoked responses associtactiovit
execution and action observation within regions of the frontoparietal actioonkeflihis evidence
have been used to support theories of crossmodal common coding (Prinz & Sanders, 1984)
according to which perceptual and motor processes are linked by shared common representati
seeing a specific action activates the correspondent observer’s motor representation is argued to
ultimately subserve understanding other people actions and mental statew,(8gak, 2007).
Possible physiological mechanisms underpinning putative shared crossmodal representations hav
been reported in monkeys (di Pellegrino, Fadiga, Fogassi, Gallese, & d®izzth92; Ferrari,
Rozzi, & Fogassi, 2005; Fogassi, et al., 2005). These studies described cellse(sonoabr
neurons) in the monkey premotor (di Pellegrino, et al., 1992) and intraparietal aresssiFety
al., 2005) that selectively fire when the monkey performs an action and wheornkey observes
the experimenter performing the same hand-directed action. The vast n@&jstitgies reporting
evidence for analogous mechanisms in humans have shown evidence for anatomical overla
between areas involved in both observation and execution of actions (Agnhew, et al., 2007;
Rizzolatti & Craighero, 2004). Although the above evidence is interesting, reporézthpov
between action observation and action execution does not provide direct evidence fdrttie fac
the same neural population underlies both cognitive processes, and only fewsivdiesrectly
investigated the existence of visuo/motor crossmodal mechanisms in the human brain (Chong
Cunnington, Williams, Kanwisher, & Mattingley, 2008; Dinstein, Hasson, Rubin, & He2ger,
Kilner, Neal, Weiskopf, Friston, & Frith, 2009; Lingnau, Gesierich, & Caramazza, 2009;
Oosterhof, et al., 2010)
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Of those studies that tested visuomotor crossmodal effects within thepaoetal
network (Chong, et al., 2008; Dinstein, et al., 2007; Kilner, et al., 2009; Lingnau, et al., 2009;
Oosterhof, et al., 2010) only few studies found evidence for visuomotor crossmodal effects (Chong,
et al., 2008; Kilner, et al., 2009; Oosterhof, et al., 2010). One of these d0odsterhof, et al.,
2010) is of particular interest in respect to the findings reportedhisnthesis. In this study,
Oosterhof and colleagues (2010) adoptfied ‘searchlight’ multivariate approach (Kriegeskorte,
Goebel, & Bandettini, 2006) to investigate brain regions able to decwimlly-evoked
information (seeing the experimenter performing an action) from motor-evisiedmation
(performing the same action) (and vice versa) using meaningless hand movendegizaln
directed hand actions. Interestingly, in this latter study, evidence for visuommtenurdal effects
was reported in lateral occipital and intraparietal areas lglesgresponding to regions described
in this thesis. The authors suggest that these regions may play an imposgaint pobcessing
crossmodal visually-evoked and motor-evoked action representations. Howeverregsutesd in
Oosterhof and colleagues (2010) present an important limitation and thereforefalysopport
the hypothesis of visuomotor crossmodal coding in intraparietal and lateral occipitiges.
Indeed, the findings might be explained by imagery effects that are likely tw dudng task
execution when no visual feedback is provided. In this study participamnes required to either
execute or watch goal-directed hand movements. During execution trials partikippntheir
eyes closed and auditory cues informed them about the action to perform glifbcr) and the
effector to use (finger or hand). During the observation trials partisipegrte asked to passively
watch the same actions performed by the experimenter. Performing complex sequences of han:
actions while blindfolded might have required participants to rely on viso@fmmagery
strategies to maintain representations of the movement to be performesmiory. It has been
shown that in these circumstances, those brain areas most likely engaged in maiatdining
imagery representations are the same areas that are directly involved in prodessiigvant
information (e.g., visual imagery of faces actigdiige same area that is involved in processing
visual information of faces - O'Craven & Kanwisher, 2000). It follows thesstnodal effects
reported by Oosterhof and colleagues (2010) in lateral occipital and intraparesal might be
related to imagery processing recruited during task execution for mamngtdboth visual (the
effector to be used) and motor (the action to be performed) representations.

Although there are possible confounds in the above study, the results are oflgparticu

interest in light of our own findings in Study 2 and Study8Qosterhof and colleagues (2010)
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reported visuomotor crossmodal effects that are localised in laterpitacand intraparietal areas.

This finding together with our finding of functional connectivity betwées left alPSv and left
LOTC hand/tool selective regions, gives rise to the interesting hypothesisefitasentations
processed within hand/tool selective areas left LOTC and left alPSv might not beietglvisual

in nature but instead have visuomotor crossmodal properties. In fact, to effisignsigrve action
execution and action understanding, visual representations of hands and tools proceissed i
areas (i.e. occipitotemporal) have to interact with those brain regions housing motor representation:
associated with skilful object usee(ifrontoparietal action network). The current study aims to
identify such crossmodal properties of both hand/tool areas ledalisually in the previous
studies. Here, we aim firstly to investigate whether the previowgprted overlap between
execution and observation also occurs in the left LOTC and left alPSv hand/tool areas
Subsequently we test any notion of visuo/motor crossmodal effects more directly iby test
similarities of response pattern distribution of hand and tool represastahrough multivoxel
pattern analysis. Therefore, this study will investigate: (1) to what degxeeution and
observation of hand-tool actions activate the same anatomical territoriesipitobemporal and
frontoparietal areas; (2) whether despite a putative overlap betweennpeg and perceiving,
motor-evoked and visually-evoked hand/tool responses rely on independent neulaigutgpin

these regions. To this end fMRI responses to execution and observation of hand-tool actions will be
tested using standard univariate group average analyses and single subject multivoxels patte
analyses (MVPA) focusing on reported left LOTC and alPSv (see Study 2 and Study &)dhand/
selective areas. Moreover, to control for possible visual/motor imagegtetfeat may form an
alternative explanation for crossmodal effects, we adopted an imitation-observationrpawétig
on-screen movement information available throughout the trial. This manipulatied tameduce

task difficulty and memory load required during task execution, thus dimigishe chance that
participants rely on strategies of visual/motor imagery to maintain mewverepresentations in
memory. Thus, contrasting the imitation versus the observation condition vingidight

responses that are exclusively associated to execution of motor acts.
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5.3 Materialsand methods

5.3.1 Participants

Seventeen healthy volunteers (age rangeb239 female) took part in this functional magnetic
resonance imaging (fMRI) study. All subjects had normal or corréotadrmal vision, no
previous history of any neurological symptoms and satisfied the requirement dfaigtedness
assessed by the Edinburgh Handedness Inventory (Oldfield, 1971). Due to excessive lmead moti
one subject was excluded from the data analyses. Participants gave informed consent and the stut
was approved by the Ethical Committee of the Department of Psychology of Nbriaum
University and Newcastle Magnetic Resonance Centre, School of Clinical Medical Sciences

University of Newcastle-upon-Tyne.

5.3.2 Experimental design and stimuli

Imitation-Observation Experimentn the Imitation-Observation Experiment stimuli consisted of
videos of two different movement types: meaningful hand-tool actiofise(g., hammering) and
meaningless hand-tool actiomsl( e.g., moving the hammer in a circular way). For each movement
type, 24 different videos of hands manipulating tools were recorded set against a black background
Each video lasted 4 seconds during which the movement performed (e.g., hammering: moving
hand up and down) was repeated three times. The inclusion of two types of augamingless
and meaningful) in the experimental protocol was naried to investigate knowledge of action
meaning in left LOTC and left alPSv. Instead it aimed to control for viswailarities in the
stimulus that might confound results in the multivoxel pattern analysis (seéeoxaltpattern
analysis methods section).

The Imitation-Observation Experiment consisted of four (block presentatkperimental
runs (two for theml and two for themf movement type) lasting 8 minutes 30 seconds each,
corresponding to 255 functional volumes. Each functional run comprised 16 event bloéks of 1
seconds interleaved with fixation blocks of 12 seconds. For each event block, 4 difiéeest(4
seconds) were presented in a row with an inter-stimulus interval (ISI) ofs5@@m Figure 5.1a).
While watching videos participants were required to perform either the absartask (OBS) or
the imitation task (IMI). During the observation task participants were eshu@ observe the

videos without performing any movement and to performed 1-back repetition aletiexstk using
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their Ieft-index finger via a response button any time the same video was repeated tavizavin

(one single repetition was present in half of the blocks). During thatiamttask participants were
required to reproduce the observed movement with their right hand while hadirfylRI
compatible tool (e.g.a hammer) of real size and weight. No visual feedback of their hand
movements was possible. Finally, an arm brace was used to minimise head and shoulde
movements but leaving the participant’s hand and elbow free to perform the movement without
discomfort. A colour coded fixation cross at the centre of the screen kepipzants informed
about the task they were required to perform: (1) observation for xatiofi cross, and (2)
imitation for green fixation cross. Blocks presentation was organised in aashoimised order
within each run. Video presentation was controlled by a PC computer running Windews X
Professional, and Psychophysics Toolbox package (Brainard, 1997) in Matlab (Mathworks, Natick
MA, USA). Videos were projected onto a house costumed projection screen locttedaatt of

the scanner bed and viewed through a mirror mounted on the head coil.

Category Localizer ExperimenfThe Category Localizer Experiment consisted of two (block
design) functional runs lasting 7 minutes 14 seconds each. Each run consisted of five quasi-randor
sequences of stimulus blocks (bodies, hands, tools, objects and scrambled images) intetleaved
fixation blocks (14 seconds). Fixation blocks also appeared at the beginning andeactl afin.

Each stimulus category consisted of 75 greyscale photographs (400x400 pixels) on a white
background (see Figure 5.1b for examples). Stimuli were presented at tleeofehtr screen for

800 ms with a blank inter-stimulus interval (ISI) of 200 ms. Participantonpestl a 1-back
detection task with their left-index finger pressing a button whenever it iszage was repeated

twice in a row (either one or two repetitions were presented within a block).

5.3.3 Apparatus and data acquisition

Functional images were acquired using a Phillips Achieva 3T scanner with a SENSE (Pruessmann
et al., 1999) standard 8 channels birdcage head coil at the Newcastle Magnetic Resonasce Centt
School of Clinical Medical Sciences, University of Newcastle-upon-Tyne, Newcastle-upon-Tyne,
UK. Functional data were acquired using gradient-echo planar (EPI) T2*-weighted scans
Acquisition parameters were as follow: repetition time (TR) of 2 s, antenko(TE) of 30 ms, a

flip angle (FA) of 90, a field of view (FoV) of 192 and a matrix size of 64 pixels x 64 pixels. Thirty
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axial slices of 4mm thickness with not gap between slices were acquired tdreovédrole brain.
T1-weighted structural scans acquisition parameter were as follow: TR &f BEBof 46 ms, a FA
of 8 deg, a FoV 256 and a matrix of 256 x 256 pixels, for a toteB@fslices of 1.0 mm thickness

collected.

a Imitation-Observation Experiment

observation blocks (OBS) imitation blocks (IMI)

12000ms+ 4000ms * 4 VldeOS

meaningful (mf)
frames example

meaningless (ml)
frames example

4000ms

b Category Localizer Experiment

AL
| i & e

Figure 5.1. Examples of stimuli used in the Imitation-Observation Experiment and in the Category L ocalizer
Experiment. a. Example of the stimulus sequence used in the Imitation-ObservationirBgpe During imitation
blocks the fixation cross is depicted in green and during obsendgtioks the fixation cross is shown in red. Examples
of meaningless (e.g., moving the hammer in a non-functionalairaay) and meaningful (e.g., moving the hammer up
and down in a conventional way) videos frames are also shbwBxamples of stimuli used in the Category Localizer
Experiment: bodies, hands, tools, non-graspable objects, and scramblesl image
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5.3.4 Re-processing

Imaging data were analysed and pre-processed with Brain Voyager QX (versionrdr®; B
Innovation, Maastricht, The Netherlands). Pre-processing steps included: 3D motiecti@or
(using the first volume of the run collected after the anatomical scan as tfencefeolume),

linear trend removal, temporal frequency high-pass filtering (cut-off 3 £yae time course) and
spatial smoothing (6 mm full-width-half maximum kernel for both the voxehaise the single
subject ROIs analyses). Functional images were superimposed on dimensional T1 anatomica
(Imm x 1mm x 1mm) images, manually co-registered onto the native anatomageds and
subsequently transformed into Talairach stereotaxic space (Jean Talaifa@hré& Tournoux,

1988).

5.3.5 Statistical analysis

Data were analysed using a general linear model (GLM) random-effects groupedvanadysis.
The GLM model was computed for each participant in each study including one preatictact
condition of interest: hands, tools, bodies, non-graspable objects and scrambled(@asegsry
Localizer Experiment) and IMI-ml, OBS-ml, IMI-mf, OBS-mf (Imitati@Pbservation
Experiment). Moreover, in each experiment the 6 motion parameters (x, y, z faatioansnd for
rotation) were included in the model and periods of fixation were modelled as baseline. Predictors’

time courses were modelled using a linear model of hemodynamic resBogston, et al., 1996)
using the default Brain Voyager QX “two-gamma” function. Before computing the GLM,

functional runs were z-normalised; thus beta weights extracted from the active ckmtesemt an

estimate of the magnitude of activation for each condition in units of z-scores.

Whole-brain group analyse¥Vhole-brain random-effects group analyses were performed on data
from each experiment. The different functional contrasts used to select regiotsredti elicited
differences in overall activation magnitude in the two experiments, so diffstahstical
thresholds were used in the two experiments. Statistical activation maps restmlth ap<0.001
(uncorrected for multiple comparisons) in the Category Localizer Experiment, and
p<0.0001(uncorrected for multiple comparisons) in the Imitation-Observation Beeri

Moreover, to account for the possibility that clusters have arisen by chance, Moide Car
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simulation (performed using BrainVoyager QX) was computed and only clusters size > 13

(corresponding to the corrected threshwtd).002) were reported in the analysis.

Multivoxel pattern analysis (MVPA):To investigate the relationship between distribution of
response pattern activity for observation and execution of hand-tool actions &ft h@TC ard

left alPSv hand/tool regions, the two main ROIs used in the multivoxel patterysianakre
defined by selecting voxels that were commonly activated by both, (1) left LOT@fardPSv
localised with the Category Localizer Experiment, and (2) mewoked hand/tool responses
localised in the Imitation-Observation Experiment. That is, to define parietal amitaernporal
hand/tool ROIs, we used the conjunction analysis of the following contrasts: 1) tasidsand
bodies > objects (Category Localizer Experiment), and 2) imitation > observatibnafimbaged
across thenl and themf condition in the Imitation-Observation Experiment). As control region we
defined a portion of left occipital cortex (OC - posterior to the left LOTC) by contrastiagkled
images > baseline in the Category Localizer Experiment. These ROIs were functiefiaihd in
each individual subject using a threshold setpto0001 (uncorrected) and by including all
continues voxels within a 20x20x20 mm cubes, centred on tivatéan’s peak. All conditions
from the Imitation-Observation Experiment were included in the multivoxel patteatysis.
Within these ROlgetasvalues for each condition (set against baseline) and averaged across the
two functional runs were extracted for each voxel. Subsequently voxelwise donslatere
computed to estimate patterns of neural similarity between visually-evoked (olosgnaatd
motor-evoked (imitation) responses in these ROIs. That is, correlationgevepaited comparing
(1) within-condition correlations (IMI versus IMI; i.e. imitation meanés$ versus imitation
meaningful) and, (2) between-condition correlations (IMI versus OBS; i.e. imitai@@mingless
versus observation meaningful). Significantly higher within-condition aiosls relative to
between-condition correlations indicate that the pattern of response evoked lepn aaidition
(e.g., imitation) can be distinguished from the response pattern of anotheriocor(dig.
observation) in a given region. Analysis of garities between response pattern distributions is
particularly informative to distinguish between conditions that share anatdetctdiries but are
encoded by independent neural populations. Here, the direct comparison, of two fully independen
data-sets(e.qg., imitation meaningless versus imitation meaningful stimuli) thatcsigthyfidiffer in
visual features (i.e. pattern of characteristic motion) but maintairsdhee visual information,

allow for control of the possibility that high within-condition corredat might arise as
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consequence of similarity between stimuli. Finally, correlations wererRigtmesformed (0.5 x log
((1+ n/(1- r))), and tested using ANOVAs and pairwigests.

5.3.6 Data analysis overview

Univariate whole-brain group analyses are used to investigate the degree ap dywewveen
anatomical areas recruited during execution and observation of hand-tool agtlanstive left
LOTC and left alPSv hand/tool selective regions. Based on the large body of evidenaggshowi
correspondence between regions involved in observation and execution, overlap between hand/toc
visually-evoked and motor-evoked responses is expected to be found in the |€tdr@Tleft
alPSv hand/tool regions using voxels-wise group average contrasts. Multivariate MVi#eanal
will be used to investigate response pattern similarities between visvakgd (observation) and
motor-evoked (imitation) representations in the left LOTC and left alPSwdeHpite putative
anatomical overlap, different neural populations underlie motor-evoked and visudidevo
hand/tool responses, then high similarierga significantly higher correlations) in the within-
condition response patterns (e.g., imitation versus imitation) compared to the betmd#ion

response patterns (e.g., observation versus imitation) are expected to be found.

5.4 Results

5.4.1 Whole-brain group analysis

First we testd whether previously documented left LOTC and left alPSv hand/tool representations
overlap with visually-evoked (observation) and motor-evoked (imitation) respaaseand/tool
actions in the Imitation/Observation Experiment. To do so, the whole-brain gveuage maps
were defined using the following contrasts: (1) the left LOTC and left alPSv bahdreas were
defined with the functional contrasts of hands > objects and tools > objects usingodathd
Category Localiser Experiment (see yellow and blue colour coded activations in Figurg2)
hand/tool motor-evoked responses were defined by contrasting imitation > obserbation (
averaged acrogsl andmf conditions) in the Imitation/Observation Experiment (see green colour
coded activation in Figure 5.2 a,b); (3) hand/tool visually-evoked responses wareddeyi
contrasting observation > baseline (both averaged aamisand mf conditions) in the

Imitation/Observation Experiment (see red colour coded activation in Figure 5.2 ard)/téol
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motor-evoked activation is shown to overlap with both the left LOTC andalBffv hand/tool
regions (see Figure 5.2 a, b). Similarly, hand/tool visually-evoked aotivegtishown to overlap
with both the left LOTC and left alPSv hand/tool regions. Therefore, witleneft LOTC and left
alPSv hand/tool regions activation for execution and observation of hand/tool actertep.ov
These results confirm the general pattern reported in the literature shaviémge degree of
correspondence between regions recruited during execution and observation of hamsl acti
(Jackson, Meltzoff, & Decety, 2006).

Further to the anatomical overlap for visually-evoked and motor-evoked activation to
hand/tool actions identified through these whole brain analyses, subsequent mutee
analyses address whether these activations are nevertheless underpinned by independent neu

populations.

B Hands > Objects Tools> Objects Imitation>Observation

228

B Hands > Objects Tools> Objects Observation>Baseline

Figure 5.2. Whole-brain group-average maps showing overlap of imitation and observation responses with hands
and tools selective responses in parietal and in occipitotemporal cortices. The upper panel shows whole-brain group
activation maps for imitation > observation defined in the IndtetDbservation Experimenp£.0001 uncorrected, red
colour coded) and its overlap with hand responses (hands > objdli®; gelour coded) and tool responses (tools >
objects, blue colour coded) defined with the Category Localizpefiiment p=.001 uncorrectedh the left IPSv &) and
the left LOTC b). Similarly, the lower panel shows whole-brain group activatiopsriar observation > baseline
defined in the Imitation-Observation Experimept.0001 uncorrected, red colour coded) with hand responseds(bka
objects, yellow colour coded) and tool responses (tools > objects,ddus coded) defined with the Category Localizer
Experiment (p=.001 uncorrected) in the left IRBand the left LOTCd). LH= left hemisphere.
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5.4.2 Multivoxel pattern analysis

The main regions of interest (ROIs) for the multivoxel pattern analysdefimed through
conjunction analysis to define voxels common to both (1) the left LOTC and left atigowns

used in previous MVPA analyses (see Study 2 and Study 3), and (2) motor-evoked hand/tool
responses reported in this current experiment. This conjunction includes twverfglicontrasts:

(1) hands, tools and bodies > objects (category experiment, see Methods and M&2grial);
imitation > observation (imitation/observation experiment). By using this gotijun method we
made sure to select only the voxels that are commonly activated across thesmditions.
Within this specific ROl we analysed the similarity of response pattistribution to visually
evoked (observation) and motor evoked (imitation) hand/tool action, to test wiile¢héwo
conditions were encoded by independent neural populations. The pattern of correlatioagedssoci
with encoding by independent neural populations is associated with high within-condition
correlations and lower between-condition correlations. To control that such a selectue ¢hadis

not also occur in randomly localized regions elsewhere in the brain, a contraleg@h(left OC)

was defined to cordst scrambled images versus baseline (Category Localizer Experiment, see
Methods and Material). Similarity analyses were performed between response Eatéats by

each condition in the Imitation/Observation Experiment. That is, each conditiowonasated

with each other (within-condition correlation, IMI versus IMI; i.e. imiatimeaningless versus
imitation meaningful) and across conditions (between-condition correlations, IMIsv@BS; i.e.
imitation meaningless versus observation meaningless). Figure 5.3 b,c shows the summary
correlation graphs and split half 4x4 correlation matrices averaged across gaidiéqy all ROIs,

and Table 5.1 reports mean correlation values.

In both left LOTC and left alPSv, results revealed high positive ctioetafor within-
condition comparisons for both motor-evoked response patterns (IMI versus IMLQ&C
r=0.97; left alPSw=0.94) and visually-evoked response patterns (OBS versus OBS: left LOTC
r=0.98; left alPSr=0.89). Indeed, within-condition correlations for both motor-evoked (within-
IMI) and visually-evoked (within-OBS) pair comparisons were significathilyher than the
average of all between-condition correlations (between-IMI/OBS) pairs ib@afC (within-IMI:
tas) =6.24,p<.0001; within-OBSts) = 6.78,p<.0001) and in left alPSv (within-IMk,s) =8.25,
p<.0001; within-OBS1;5 = 8.23,p<.0001; see Table 5.1 and Figure 5.3b,c). It is remarkable that
the within-condition correlations were quite this high when taking into accounhthabtmpared
stimuli categories were visually dissimilar. This pattern of higlinitondition correlations and
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lower between-condition correlations is indicative of largely indepengiemessing underlying
hand/tool visually and motor driven responses in occipitotemporal and parietabbanelgions.
Therefore, despite the large degree of anatomical overlap between motor-evoked dhd visua
evoked responses demonstrated with the whole-brain analyses, multivariate analysishahows t
these representations are largely encoded by independent neural substrates withia eth th
LOTC and left alPSv. Such a pattern of independence was not found for in the cegitolleft

OC, where there was no difference between within-condition and between-conditiontioosela
(p< .05), thus suggesting that the left LOTC and left alPSv regions, but not retsemdere in

the brain, differentially encode visually and motor aspects of hand/tool related processing.
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Figure 5.3. Results of multivoxel pattern analysis (M VPA). a. ROIs used for MVPA in a representative subject. The
main ROIs left LOTC and left alPSv were functionally defined ioheimdividual subject by contrasting the average
response to the conditions of interest (hands, bodies, tools) relative igraspable objects (Category Localizer
Experiment) in conjunction with the contrast of imitation relative to olasienv (Imitation/Observation Experiment).
Left OC was defined contrasting object versus baseline (Category Localiperifg&nt). b. Multivoxel correlation
matrices in the left LOCT, left alPSv and left OC. Data were averaged aarssshus only half correlation matrix is
shown. Each cell of the matrix represents the correlation value forceagmarison averaged across subject. The two
significantwithin-condition values in the left LOTC and left alPSv ROIs are highlighted withiragt gquare framec.
Correlation summary graphs feithin-conditionandbetween-conditiortorrelations in the three ROMIthin-condition
correlations (within-IMI and within-OBS) are plotted on the left side. Middles land right side bars represkatween-
condition correlations. Error bars represent the between subjects standard error.t léniefphere, IMI=imitation,
OBS=observation, mf=meaningful, ml=meaningless.
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5.5 Discussion

In agreement with the large number of studies reporting that execution and obsevta@ttions
activate the same network of regions in parietal and occipital corticesAgrew, et al., 2007;
Jackson, et al., 2006; Rizzolatti & Craighero, 2004), the univariate results stiithereported in
this chapter show a close correspondence between areas active when seeing aridgobeindn
tool actions. Moreover, these same areas consistently overlap with hand-tooleselesdis (left
LOTC and left alPSv, see Figure 5.2) reported in previous chapters of this(seesBtudy 2 and
Study 3). The above evidence together with evidence for selective functional connbetiwi¢en
the left LOTC anda portion of the left alPSv suggest that these left lateralised regions baght
part of the same computational network subserving action-related processing. Folligpwimg
recent evidence reporting crossmodal effects for seeing and performing gotdetilrand actions
in both lateral occipital and intraparietal areas (Oosterhof, et al., 2010) we tested thesigpbat
the left LOTC and the left alPSv might encode crossmodal visuomotor rejateseof hand and
tool action-related processing (e.g., hand-tool action understanding). Contrary to thisgorettheti
present study provides evidence for largely independent visually-evoked and motedt-baokl-
tool representations in the left LOTC and the left alPSv. Indeed, multvaratlyses revealed
higher within-condition correlations for both imitation and observation ivelato between-
condition response pattern correlations indicating that watching and performingrieéeaston
activates more independent neural populations within both areas.

Therefore, the present findings contrast with evidence for widespread crossmodsilireffect
occipitotemporal and intraparietal areas reported by Oosterhof and colleaguesH2d)er the
strength of the current work is that it questions the significancthefnow well established
evidence of overlap between action observation and execution, which has gdrenaltaken for
evidence of shared representations of perception and action (e.g., Rizzolatighketo, 2004)
The power of multivariate analysis is that it can disentangle the distrbatiresponse patterns
evoked by given conditions that, although activating corresponding regions, are undelginned
independent neural populations. Therefore, multivariate techniques progress this lseyamze
the purely anatomical argument of overlap correspondence that has driven the debate abou
correspondence between perception and action for so many years.

These current results do not exclude the possibility that a subpopulation afseuthn
these regions might show crossmodal visuo-motor effects (as shown in Oosterhof, et abu2010)

it suggests that representations for motor executed acts and observed acts arerleogelg by
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independent neural populations in these regions. The hand/tool selective rdgitifeed and
further documented in this thesis show evidence of large scale visual and coditog well
beyond the level of single cells that provided the original evidence for crosswiedamotor

coding (i.e. classic mirror-neuron work - di Pellegrino, et al., 1992; Fogasdi, 80@5). It is
possible that the current findings of visual and motor independence rather than common coding
within such hand/tool large scale selective areas might suggest thatr@ssmodal neural
responses may be a minority. This would challenge the popular account of a large scale mir
neuron network in the human brain.

Although this study was not designed to address the question of whether the IEfab@T
left alPSv hand/tool regions encode action meaning, the results reported hereoalleamé
speculations. Indeed, findings showing no significant difference for between-conditielations
regardless of whether the action was a meaningful or meaningless (see Figuvar5g8aphs)
might suggest that those regions investigated in this study do not distanaction meaning.
However, it is important to remember that a null result does not exclude the |gsHibit
alternative factors related to the experimental protocol might explain these eatdémn instance,
in this study, variability among the different movements used within each measiraglds
meaningful condition (six different movements averaged together) might dedneaskance to
address directly whether a given region is able to discriminate among two diféerom
representations. Indeed, previous studies have reported evidence that laterall @cecipit and
intraparietal areas are able to discriminate between two different actiorse(D, et al., 2007;
Oosterhof, et al., 2010). Future investigations should test to what extentatitrnprocessed
within these regions encodes action meaning.

Investigation of whether action meaning is encoded in the left LOTCleihdlPSv
hand/tool selective regions is of key relevance since skilful tool-use uactidn that uniquely
distinguishes humans from other non-human primates. Moreover, hand/tool selectires regi
investigated in this thesis correspond to the neural correlates of tool-usedépdrte literature
(Johnson-Frey, et al., 2005; Lewis, 2006) which have recently received much atiétitiorboth
imaging and clinical studies. Indeed tools, unlike other objects are uniquedyg linkthe action
representation associated to their use. Moreover, the overlap between hand and toohacisati
described in this thesis supports the proposition that tools are not funttidedndent of hands.
This unique functional link between hands and tools is further supported by chiuchés

showing a close co-occurrence of hand and tool action-related impairments follefing |
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hemisphere lesions (e.g., Buxbaum, 2001). Furthermore, the anatomical segregation associate
with the left LOTC and left alPSv hand/tool regions described in this tiesiso reflected in
clinical studies: left parietal lesions are associated with motor refapsdrments (Kalenine, et al.,
2010; Randerath, Li, Goldenberg, & Hermsdorfer, 2009) and left occipitotemporal lestoons ar
associated with impairments in action meaning (Kalenine, et al., 2010; Tranahdtemet al.,
2003). Therefore, although these neural correlates seem to be part of the samaeiaidrk,
parietal and occipitotemporal regions seem to encode hand/tool related inforroasiobserve
different stages of action-related processing. For example, lesions within tlog&eeital network
are frequently correlated with ideomotor apraxia, which is defined as a-ohdgh
neuropsychological disorder of movement’s representations (Goldenberg, 2003, 2008; Rothi &
Heilman, 1997). In ideomotor apraxia the patient knows what to do but does not know how to do it
(letswaart & Milner, 2009) resulting in frequent postural and spatial efrzralgnd, et al., 2000)
including failure in shaping the hand correctly when asked to pantomime typicalsagé
(Goldenberg, 2009; Goldenberg, Hermsdorfer, Glindemann, Rorden, & Karnath, 2007). In contrast,
patients with left occipitotemporal lesions presented with impaired knowledge abbtan
meaning, including tool-use (Damasio, et al., 2004; Kalenine, et al., 2010; Tearal, 1997,
Tranel, Kemmerer, et al., 2003). Therefore, future investigations using taske &dniget different
stage of information processing, such as conceptual and the motor knowledge of haotitos)
will be important to further qualify the nature of processing encodddnatte left LOTC and left
alPS regions part of the hand/tool network. Based on evidence from clinic§Kd&aine, et al.,
2010) it would be of interest to investigate whether motor components and semanpiimeats of
hand/tool actions can be discriminated in the left LOTC and alPSv hand/tool regiotusvetmat
extent these regions differentially encode these different types of inform&tinally, combining
fMRI with brain lesion studies which can inform us about the causaiomdaip between an
anatomical site and cognitive processes, can complement fMRI data which, given é@stiafer
nature, can only provide an indirect measure of the relationship between newisy aail
cognitive processes.

These results by showing hand/tool motor-evoked activation within occipfiotam
regions are in line with recent reports which have started to challenge the long steoudimgt of
the visual cortex as solely engaged in visual processing (Amedi, et al., 2001; Anadi2e07;
Mahon, et al., 2009; Pietrini, et al., 2004). Indeed, not only tactile or auditory itresdéAmedi
(Amedi, et al., 2001; Amedi, et al., 2007), but also motor execution (Astefiel., 2004; Jackson,
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et al., 2006; Orlov, et al., 2010), has been suggested to critically modulate responsessirathe
cortex. Astafiev and colleagues (2004) were the first to investigate the role of tstreate visual

cortex during motor execution. In that study the authors show that execution of unseen hand or foo
movements (relative to attentional shift and eye movements) activategion at the border
between occipital and temporal lobes. The authors suggest that during execution of body
movements the motor systems communicate this information to visual areas eng&gely in
representation to anticipate and update representations of the body in spmodiri&tely would

also facilitate discrimination between self and other people’s bodies (Jeannerod, 2004). In line with

these results, in a recent paper Orlov and colleague (2010) show that diffetentspnf the

lateral occipitotemporal cortex discriminate between execution of movementsnptfdy
different body parts (e.g., upper limb or lower limb). Interestingly, the authorfalsm close
correspondence between response patterns associate with movement of a specjjartbaly
response patterns associate to the visual presentation of the same body pampgerglimb
movement and visual presentation of the upper limb). In this respect, the discovery of ada§nd- (t
selective region (see Study 1) that segregates both anatomically and fulyctionathe nearby

body selective region gives rise to the question of whether this region migheldtively
modulated by execution of hand movements relative to other body part movements (e.g., feet). Thic
guestion is under current investigation in an on-going study.

In conclusion this study shows that although whole-brain group analyses reveated larg
degree of overlap between areas engaged during both execution and observation of hand-toc
actions, investigation using multivoxel pattern analysis revealed thairswmtked and visual-
evoked response patterns for hand-tool action representations are encoded within independel
neural populations in both the left LOTC and left alPSv hand/tool regions. Thefis segjgest
that the widespread and largely accepted assumption for shared action-peregpésantations

should be reconsidered with caution.
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Chapter 6

General Discussion

Taken together, the studies reported in this thesis provide a comprehenestegation of brain
areas selectively involved in processing visual (and motor) representations ofamahtisols.
Several fMRI methodological approaches such as standard univariate, multivariate aioddLinct
connectivity analyses were combined to investigate the spatial distribution uaietioral
specialisation of hand-selective and tool-selective areas. In the followingnsektwill first
provide a summary of the main results reported in these studies. In the second [mdefdral
discussion, | will address the possible mechanisms and principles behind the flinctiona
organisation and specialisation of brain networks involved in hand and tool repteses (e.g.,

left lateralised action network). | will also attempt to speculatehernpbtential functional role of
these areas. Finally, to conclude this chapter, | will present possible firections to take from

these findings.

6.1. Summary

Study 1 provided the first evidence for a new category-selective area in the hsonsystem
(Bracci, et al., 2010). The anterior end of the left lateral occipitidus (LOS) showed a highly
selective response to the visual presentation of human hands and was conkistdisihd in all

14 participants. This LOS hand-selective area partially overlaps with the It B&E is
functionally and anatomically dissociated from it. Indeed, not only is thd-$@ective region
strongly lateralised in the left hemisphere (in right handers) relative to other well eltteahnight-
dominant selective areas for bodies (Downing, et al., 2001) and faces (Kanwisher, et al., 1997), bu
it is also characterised by a unique functional profile. The LOS hand-selectivesgeads most
strongly to hands, but also partially to robotic hands, fingers and feet, wsilesponse to
depictions of various body parts did not significantly differ from baselye.contrast, EBA

responds most strongly to body parts, followed by hands and feet, and did not sigpifeesspahd
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to robotic hands or fingers. Finally, and most importantly, in contvdbe body-selective area, the
hand-selective region responds to the inanimate category of tools but not tcateaobjects in
general (see also Study 2 and Study 3). The two experiments reported in Study 1 provided stron(
evidence for a new category-selective area in the human visual system. &inoitaer socially
relevant object categories such as faces and bodies, hands continually play an impeitaourol

daily life: hands are the primary way we interact with the external world éeiipn execution)

and visual processing of other people’s hands mediates social interaction (e.g., action
understanding, gestural communication, )etthese occurrences might be a key factor in the
evolution and specialisation of selective neural substrates to process vistuahiidn of hands

(see Figure 6.1).

In Study 2, | reported evidence for a possible organising principle regarding the distribution
of category-selective responses across human high-order visual cortex. In two indefidRdlent
studies, | investigated the distribution of selective responses to handswioals,bodies, body
parts, objects and visual motion. The results slaostriking similarity between the response
distribution of hands and tools, but not between tools (or hands) and other seleptivsesge.g.,
to whole bodies). Both hands and tools, relative to various control categories, sllexttivated
the LOS hand region (Study 1) in left lateral occipitotemporal cortex (LOATQ)y7 of the 28
participants tested. Furthermore, multivoxel activity patterns across LGEFE highly similar to
hands and tools, but were distinct from other categories including non-hand btslyTpase
results provide the first evidence for shared selectivity for hands aritoblgher-level visual
cortex. Finally, functional connectivity analysis showed that the tool/hand regisrselectively
connected, relative to neighbouring regions, with regions in the left parietal e@amdtpr cortex
that have been implicated in tool-use execution and observation. The overlap besvdesnd
tool responses indicates that the functional organisation of LOTC partiyvfoton-visual object
dimensions (given that hands and tools differ in visual appearance and object dbmaippse
that this is due to the constraint to connect object information encoded in taOfD@ctionally
specialised networks elsewhere in the brain (e.g., frontoparietal action network).

In Study 3, | tested whether hands and tools activate other areas beside LOTC.
Interestingly, results provided evidence for correspondence between hand aegresgmtations
in a left lateralised functional network that interconnects two regtbadeft LOTC in the ventral
‘visual’ stream (see also Study 2) with the left alPSv in the dorsal ‘action’ stream. Anatomical and

functional correspondence between hand and tool representations was tested in 1&ngsuticip
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using block-design fMRI. Using a different set of stimuli and testing a diftegroup of
participants, we replicated the finding reported in Study 2 showing spatial (andtoweidap) and
functional (response profile similarities) binding between hands and toolseidett LOTC.
Moreover, these results revealed new evidence for a similar hand-tool coupling eft @@ $v.
Furthermore, connectivity analysis showing patterns of mutual functional contyelsgtiveen the
ventral left LOTC and the dorsal left alPSv hand/tool regions brings additional rsuppihe
proposition that these regions are part of a common functional network devoted to hand/too
processing. In addition, hand responses (but not tool responses) were also founmpposite
ventral right alPS and in the dorsal aspect of alPS in both hemisphereantadie hypothesis

that the alPSd might be important to convey visual feedback during online wwom
transformations of visually guided hand movements. Finally, the fusiform gyrudowad to
encode representations of tools and hands in a distinct manner: whereas tools and noe-graspak
objects (inanimate domain in general) are encoded in the medial portion of fleenfugyrus,

hands and bodies (animate domain in general) are represented in the lateral ptredugiform

gyrus. This latter result is in line with previous reports showinferdiftial medial to lateral
specificity with respect to inanimate and animate category domains (e.gonMethal., 2009)

Taken together, these results further support the hypothesis that the LOEIPS&wdhand/tool
regions in the left hemisphere are part of a network that pexegmresentations of both hands

and tools to subserve common hand/tool computational processing (e.g., hand-tool visual-
processing and action-representations).

In Study 4, | reported results showing that visuahvoked and motor-evoked hand-tool
action-related responses are encoded within segregated neural substratéstih@¥eC and left
alPSv, despite the finding that group-level activation maps for execatiorobservation show
consistent anatomical overlap within these regions. In this fMRI study, 16 participenetsested
using a combination of conventional univariate whole-brain group-level actiatadgsis (GLM),
as well as multivoxel pattern analyses (MVPA). The results of the whole-braimp-tpvel
analyses revealed consistent overlap between motor-evoked andywswdded responses for
hand/tool actions in the left LOTC and the left alPSv. However, more etkiailestigation using
MVPA revealed that motor-evoked and vidyadvoked information is primarily encoded by
spatially interleaved but functionally independent neural populations whesetregions. These
results show that, contrary to the largely accepted account of sharexergatiens between action

and perception (for reviews on the human mirror system: Agnew, et al., 2007; Riz&olatti
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Craighero, 2004), the left LOTC and the left alPSv appear to primarily emeoaktool action-

related motor and visual information in a distin@nner.

Hand area (LOS)

Figure 6.1. Schematic representation of the principal visual category-selective areas in the human visual cortex.

The left hemisphere is portrayed from lateral view (left side). Brairs aneashown according to their category-selective
preference: the object area (LOC), motion area (MT/MST), tool(M&&), multisensory area (ST(@@xtrastriate body
area (EBA), occipital face area (OFA). The hand area (LOS) reporthisithesis is shown in the anterior part of the
lateral occipital sulcus.

6.2. Are hands a special body part?

As described in the general introduction of this thesis, a number of visuaiveeteetis have been
extensively described in the human visual system since the advent of non-invasiveyimag
techniques. Selective substrates have been described for faces (Kanwished 987 al.bodies
(Downing, et al., 2001), scenes (Epstein & Kanwisher, 1998), tools (Chao, et al., 1898)ras
(Cohen, et al., 2000). However, despite the increasing interest of vision neurosciendtisking
for category selectivity, the last decade has not provided additional evidennevfocategory
selective regions in the human visual system (Downing, et al., 2006). In contraist tieend, |
reported here the first evidence fonew category-selective area responsive to visual presentation
of hands in the left lateral occipitotemporal cortex (Bracci, et al., 2010).

Our results suggesting that hands are a special category of objects (compéned bhody
parts) are strengthed by neurophysiological evidence reporting hand-selective cells in the

monkey’s inferior temporal lobe (IT; Desimone, et al., 1984; Kiani, et al., 2007). In one of these
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seminal studies (Desimone, et al., 1984), the authors described a subpopulation of IT neuron:
selectively tuned tamages of human and monkey hands. These cells’ responses to hands were
consistent, regardless of changes in size and position. Furthermore, these hand-selisctive cel
showed a low response to both faces and objects with hand-like shapes (e.g., squaredtforms wi
thin and tall rectangular finger-like shapes sticking out from the top), ralibhghe possibility that

these cells were tuned by biological stimuli in general or objects that loidesthidnds. More
evidence supporting the proposition that hands have a special status and are distinctively
represented relative to other objects categories (e.g., no evidence has been m@poakddry
selectivity for bottles or chairs) in the lateral occipitotempoal cortex, coffines
neurophysiological studies in humans (McCarthy, et al., 1999). That part&tutly measuik
event-related potential (ERP) responsesto images of faces, hands and other stimuli directly from th
human scalp (McCarthy, et al., 199%heir results revealed not only face-specific but also hand-
specific ERP sites relative to other stimuli. Interestingly, and in line adthresults showing

strong left lateralised response to hands in LOS, there was a larger number of hamslve&RP

sites in the left temporal lobe, whereas face responsive ERP sites eadwenprantly found in the

right temporal lobe. Such converging evidence from different techniques appearsatosis¢éent

across species, further confirming the novel findings reported in this thesisatmds (different

from other body parts) are a special category selectively represented by a dedmata
population in the visual system.

Recent studies have reported findings which suggest that the lateral occipitotemporal
cortex is a heterogeneous area where all the different body parts are indepemegeetgnted
(Chan, Kravitz, Truong, Arizpe, & Baker, 2010; Orlov, et al., 2010; Weiner & Grill-Spector, .2011)

In their study, Orlov and colleagues (2010) have described an orderly topograpbigatysed
representation of the different body parts (lower limbs, upper limbs, torso andifaties)ateral
occipital cortex (Orlov, et al., 2010). In agreement with this organisation, Wakecolleagues
(2011) reported similar results showing that the extrastriate body area is hob@enheaus region
representing all the different body parts is an undifferentiated way, butdregtpaars to comprise
three anatomically distinguishable ‘limb regions’ (Weiner & Grill-Spector, 2011). Finally, using
MPVA, Chan and colleagues (2010) have recently shown that pattern responses whitHiBAg
distinguishes between several body parts such as hand, elbow and shoulderpthéradch as

foot and knee.
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The latter set of results might suggest that the lateral occipitaixccomprises a complex
jigsaw puzzle of body-part maps, and that all of these body parts are equallgmegaiesross the
wider extrastriate visual cortex. However regardless of whether dh@&dateral occipital cortex
comprises a complex patch of body-part maps, the results reported in this thesisthagesids,
unlike other body parts, are nevertheless differently and uniquely represented |&ft thateral
occipital cortex. My argument is based on the following points. Firstly, whéingesdditional
body parts such as fingers and feet in Study 1, the results did not reveal anyesedgpiimse for
either stimulus. Secondly, in recent ongoing work we tested putative body-part nmegenégtions
in LOTC using high resolution fMRI (2x2x2 voxel size) rather than standard spedialution
(3x3x3 voxel size), and further tested a larger number of body parts (hands, feelggsntsrso,
face and mouth), providing results (not reported here) that cadithe findings reported in this
thesis for hand-selective neural substrates in the left LOTC, but that tdidveal any selective
response for any of the other body parts tested. Although multivaridtedsedre highly effective
in providing evidence that different portions of the lateral occipitotemgorédx can discriminate
between different body parts (Chan, et al., 2010; Orlov, et al., 2010), until nowsstaige
representations for object categories (as classically localised in: Kanvashér 1997) identified
with group-average whole-brain analysis and single subject ROI analysis haved&sntprexist
only for a limited number of body parts: hands (Bracci, et al., 2010), @hdr flepresentations in
lateral occipitotemporal cortex, see also Weiner & Grill-Spector, 2011), wlodle (Downing, et
al., 2001) and faces (Kanwisher, et al., 1997).

6.3. Hands and tools: a unique link

Humans, unlike other primates, have evolved an outstanding ability to mamipafaplex tools
(Johnson-Frey, 2004). Although non-human primates can use simple tools to reach for food
objects that are otherwise out of reach, non-human primates are still unaeldoton complex
tool-use that requires amderstanding of the causal relationship between the tool’s mechanical
properties and the goal to achieve with it (Ambrose, 2001). For instance non-humatepidne
unable to combine the usage of two tools (e.g., merge two sticks together) in orel@chtcan
object far in extra personal space (Frey, 2007). Anthropological research hasexlidjggisthe
moment that the hand became free from being a limb primarily engaged in lamomoti

manipulable skills could emerg®erthelet & Chavaillon, 1993). Hands became an interface to
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interact with the external world and its subsequent morphological changes plaggdal role in

human evolution. The emergence of the opposable thumb signalled a critical step in the
development of skilled manipulation abilities and is considered a physical adaptation tha
contributed to the survival and evolution of the human species by allowing cohesteonal
objects (Marzke & Marzke, 2000; John Russell Napier & Tuttle, 1993; Young, 2008).
fundamental step in human evolution is thought to have caused not only morphotogica
functional changes of the hand but also of the brain. Indeed, from the neuroratrpoint of

view, the close anatomical relationship between language and praxis, both being lteralise

left hemisphere, has been considered a sign of an evolutionary step in which the neura¢ substrat
subserving skilled actions (e.g., tool-use) provided the underpinnings for tedopleent of
language and thought. Thus, the evolution of the hand and the emergence of tool-use have bee
considered key turning points in human evolution (Berthelet & Chavaillon, 1993; #M&zk
Marzke, 2000; John Russell Napier & Tuttle, 1993; Young, 2003).

The extraordinary human manual dexterity and ability to manipulate complex tgotsrel
a left lateralised network of areas that comprises temporal, paaiiafrontal cortices. In this
thesis, | provided compelling evidence that representations for hands and teotsvely overlap
in the left LOTC and lefalPSv. Moreover, functional connectivity analyses showed selective
connectivity between the left LOTC (but not neighbouring regions such as EBA anandQhe
left alPSv hand/tool regions. These results therefore strengthen the noticeptbaentations for
hands and tools are uniquely linked, and that this association manifests itsalfyrieupoth visual
and motor areas in the human brain. These results give rise to the inteqasstign of whether or
not a similar coupling between hand and tool representations can be obsdrgatbiogous brain
areas of non-human primates that proficiently manipulate simple tools (e.g., sticdach for
food). Evidence for differential functional hand-tool representations between human and nonhuman
primate brainsvould further address the pivotal role of the hand’s morphological transformations
through evolution.

Although primate tool-use is not as dexterous as human complex tool-use (Frey, 2007) and
might lack much of the conceptual reasoning that permits for understandirige afbstract
relationships between tools and action-goals (Ambrose, 2001), monkeys use simptedbais
rakes or pliers proficiently after training (Umilta, et al., 2008). leaent fMRI study, Peeters and
colleagues (2009) investigated functional homologues between monkeys (before atwm|adiss

training) and humans during observation of actions performed either withrideohavith a tool.
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Overall, their results revealesigeneral correspondence across species in line with the findings
described in this thesis for hand-tool selective representations in the [E@ bB@d left alPSv.
Indeed, the authors reported a region in the lateral occipitotemporal cortex (homadbdghes
inferior temporal TEO in monkey) and an area within the intraparietabsuihich responded
during observation of both hand and tool actions in humans and monkeys (the authors also reporte
evidence for activation in rostra IPL unique in human for observation oatbions). However, a
possible confound in fully interpreting the outcomes of this comparative study (Peetaks, et
2009) can be found in the videos used in the experimental paradigm. That is, in theshaeog

tool actions, the hand manipulating the tool was partially visible. Therefis confound does not

allow us to conclude with 100% certainty that TEO and the intraparietal sulcus in monkeys respond
to both hand and tool actions. Indeed, it might be that the response found during observation of too
actions in these regions was partially driven by the presence of the hand on the screen.

In light of the findings reported in this thesis, future studies will be metddetermine the
structural and functional homologues of hand and tool representations between humans and non
human primates. The remaining open questions are the following: (1) Do hand/toskporte
in the human left LOTC and left alPS also exist in the non-human primate brain? And if so, do they
show a similar functional profile? (2) Does extensive tool-use training mediat functional
profile of putative hand-preferring (and tool-preferring) areas in the non-humaat@rbrain?
Comparative studies that address these questions will help to further dep@iiigative and
gualitative differences (Peeters, et al., 2009) and similarities (Kriegeslkoral., 2008) betwae
the human and non-human primate visual system. Moreover, comparative studies on thel hand-toc
link and its neural correlate will further test the proposition advancedhis thesis that

specialisation of such a neural substrate has an evolutionary basis.

6.4. Hand-Tool selective left LOTC and left al PSv areas as part of the wider action-
related network

The parietal cortex and the occipitotemporal areas are known to represent vizumahtioh for
different computational purposes (Milner & Goodale, 1995, 2006). Whereas occipitcaémpor
areas part of the ventral ‘visual’ pathway compute perceptual features such object size, texture, and
colour to subserve object recognition, parief@hs within the dorsal ‘action’ pathway compute

object information such as shape, size and orientation for the purpose of detig, visually
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guided grasping movements, see Cavina-Pratesi, Goodale, & Culham, 2007). Although the two
pathways are functionally and anatomically independent (Milner & Goodale, 2006actider
between the dorsal and ventral stream is necessary. Indeed, in order tm pergplex skilled
movements such as tool-use or to perform complex sequences of actions (e.g.anakmof
coffee), the dorsal pathway which guides actions cannot succeed without waorkuglie!l with
the ventral pathway which provides atsject’s structural and conceptual information. Moreover, to
accomplish action understanding, form-related object representations need to beeidterith
action-related representations associated to specific objects which are spéttifiredownstream
areas (e.g., the left-lateralised frontoparietal action network). €his agreement with recent
structural and functional connectivity studies which show pathways connectipitatechporal to
parietal regions (Noppeney, et al., 2006; Ramayya, et al., 2010; Uddin, et al., 2010).

The data reported in the studies of this thesis show (1) left lateralisgddudroverlap, (2)
high similarity between the left LOTC and left alPfewctional profiles, and (3) evidence for
functional connectivity between left LOTC and left alPSv hand/tool areas. Thienee
strengthens the proposition that computations carried out within these regions subsanan
processes (e.g., action-related processing). Moreover, it suggests that the lefah®E& alPSv
hand/tool regions might be good candidates to interface Wswdhted and action-related
processing (e.g., hand-tool action observation and execution). Therefore the ques@en ar
regarding the type of representation and computation most likely to be encodéed tvh
hand/tool areas left LOTC and left alPSv.

6.4.1. Left LOTC

The converging results reported in this thesis strongly suggest that intrreatoded within the
left LOTC is visual in nature. The lateral occipital cortex is a heterogeneouglex of neural
patches devoted to processing different features. The responses to hands andatmm|C@/ina-
Pratesi, letswaart, Caramazza, & Peelen, submitted) are found to activate a shared portion of LOT(
anterior to the body-selective area (Downing, et al., 2001). The analyses compapagdire of
activity and connectivity of the hand/tool- and the body-areas suggest islgaeiations between
these areas ruling out the possibility that the hand/tool-selective regitoumet is simply a sub-
portion of the body-selective area (Bracci, et al., submitted). The results alsmeskdhe
possibility that overlapping responses to hands and tools were primarily drivdrai®d complex
motion properties that would therefore activate MT reported to be sensitive imnmpatterns
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typical for tools (Beauchamp, et al., 2002). Indeed, very minimal anatomiedbpwvas found
between the two areas, with MT being consistently posterior to the haratéaolMoreover, MT
did not show any preference to either hand or tool stimuli relative to abfest categories, ruling
out the possibility that motion properties common to both hands and tools caddhdnd and
tool representations in the left LOTC. We controlled for this issue by selectipgtatic images
where hands were depicted in resting postures thus avoiding responses associated ieath impl
motion (Kourtzi & Kanwisher, 2000). Taking together these results supporypiothiesis that the
left LOTC is involved in processing visual information about hands and tools to buliicufzar
perceptual representations of these object categories.

In an alternative scenario, information processed in the left LOTC migkctdfigher-
order cognition (e.g., functional and conceptual object knowledge) rather thaevewwisual
processing (e.g., form and shape representation). For instance, left LOTC might spebifyctie
functional properties or conceptual knowledge. In our daily experience the largéyrajoools
are functional only when manipulated by the hands. Indeed, tool-use is mediated by a unique
interaction between the hand and the tool: whereas the hand controls the tool end{&fieator
the tooal), the tool extends hand dexterity mechanically (Jacobs, et al., 201@) frvher, it could
be suggested that tools need hands to be fully functional. In this way, the common hand/too
representations in the left LOTC could be associated witlion knowledge’. In other words,
overlap between hand and tool representations might represent shared higbeguiéve
processing rather than coexisting visual processing of these two object cat&jorikes accounts
have been reported in the debates between cross-modal and supramodal emotion processir
(Peelen, et al., 2010; Singer, et al., 2004), perceptual analysis and cross-modal mspgessig
(Jiang & Kanwisher, 2003a, 2003b; Schumacher & Jiang, 2003), and action observation and actior
execution (Oosterhof, et al., 2010). In support of this view, results froisatlifDamasio, et al.,
2004; Kalenine, et al., 2010; Tranel, et al., 1997; Tranel, Kemmerer, et al., 2003) and imaging
studies (Chao, et al., 1999; Lewis, 2006; Mahon, et al., 2007; Noppeney, et al., 2006)]ledve ca
into question the role of the left posterior occipitotemporal cortex tanidinctional connectivity
with the left frontoparietal action network (Ishibashi, et al., 2002; Mahaal,,2007; Noppeney,
et al., 2006; Quallo, et al., 2009) in housing conceptual dimensions of action knowledge.
Interestingly,a seminal neurophysiological monkey study on the superior temporal sulcus (STS)
reported cells that fire when presented with hand-object interactionsdd®pd 990), which
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suggests these celtge involved in action understanding. Future research is needed to further
characterise the computational profile of the left LOTC.

Regardless of whether the left LOTC is solely involved in processing handisoall v
information (e.g., form and shape) or instead encodes more higher-order hand-tool
conceptual/semantic knowledge (e.g. objects functional properties), evidence fativesele
functional connectivity (see Study 2 and Study 3) between the left LOTC and ther&fphirietal
areas strongly suggests that functional localisation of this region might bel\caesatmired by
its functional interaction with the praxic network (lateralised in l&fie hemisphere in the large
majority right handers). Indeed, for efficient hand-tool action-related progegsig., action
execution and/or action understanding), object form and/or object conceptealergptions need
to interact with brain mechanisms that specify motor-related properties of these objects (ecg., praxi
system). One way to address the hypothesis of causality between lateralishtou/adol neural
correlates in LOTC and the praxic system is to investigate to what extent lateralisatiempiaixic
and the language systems (coupled in typically and atypically language lateralisethiaisljsee

Kroliczak, Piper, & Frey, 2011) predicts the lateralisation of hand/tool responses in LOTC.

6.4.2. Left alPS

What type of information is encoded in the hand &oodl representations found in parietal afeas
Neuroimaging studies have extensively shown that the presentation of tool-related feabuigs
different sensory modalities triggers frontoparietal areas commonly ategbevith planning or
pantomiming tool-use (Lewis, 2006). These responses are suggested to reflect hamemhov
representations (Chao & Martin, 2000) congruent with potential actions evokedy seaing a
tool (e.g., the characteristic up and down hand-motion associated with hammeringhs®e G
1979). The results reported in this thesis showing close correspondence between hand and to
representations in the left alPSv supports this hypothesis, suggesting the pogsitadenent of
this region in encoding motor representations associate with hand-tool intesabloreover, our
results show that hands (but not tools) activate a more posterior portialiP$f bilaterally.
Evidence for functional dissociation between the ventral and dorsal alR&gseement with the
model proposing differential computations for dorsal and ventral parietal ardasespect to
online control of hand actions and storage of skilled action representations (RiZzdtelli,

2003). In the following section, | will address how existing evidence is in litie the results
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reported in this thesis in supporting the proposition for differential digatian of dorsal (hand-
responsive) and ventral (hand/tool responsive) IPS regions.

In the monkey, neurons in parietal area 5 have been shown to integrate visual and
proprioceptive information of the hand/arm (Graziano, et al., 2000). Interestihghe nheurons
distinguish between left and right hands and also fire when presemfed ‘fake’ hand/arm
presented in a realistic position (but not when the fake arm is presented upside tiotihe Wwand
attached to the shoulder). Evidence for similar visuo-proprioceptive crossmedbhamisms in
humans can be related to the so callatiber hand illusion’ (Botvinick & Cohen, 1998). When
stroking a fake hand simultaneously with the real hand hidden from vievindhises a feeling of
ownership for the dummy hand (Botvinick & Cohen, 1998), and can also alter perception of own
limb position in space (Ehrsson, Holmes, & Passingham, 2005). Neural mechanisoneateat
multisensory visuo-proprioceptive representation of the hand/arm and updatsition in space
are essential in online movement control. Therefore associative parfetaligs, such as the
intraparietal sulcus, might ba good candidate to house neural substrates that integrate visual
information of the hand with other modalities such as somatosensory and propriosepsgs to
ultimately subserve online visual guidance of action (Dijkerman & de Haan, R@Oimers,
Kootker, Hogendoorn, & Dijkerman, 2010). The results reported in Study 3 are in linehisith t
evidence suggesting that areas within the dorsal portion of the inétaparlcus (bilaterally) play
an important role in on-line visuomotor control of actions (Filimon, Nelstuang, & Sereno,
2009).

Conversely, the exclusive left lateralised activation for tools (but aledshan alPSv
suggests this region is involved in coding action-related aspects of handésialeg. In
agreement with this interpretation is the observation that left hemisgtinekes frequently lead to
apraxia, a neuropsychological impairment that affects imitation (Goldenberg, 2008, 200
Goldenberg & Karnath, 2006) and performance of voluntary skilled actions suaiolase
(Haaland, et al., 2000; Halsband, et al., 2001). Patients are generally describda withtence
‘knowing what to do but not knowing how to do ib stress preserved knowledge about the
functional object properties but impaired ability in transforming such ledgye into action.
Moreover, apraxic patients have been shown to be unimpaired on goal-directed hand movement
(which are generally impaired after bilateral dorsal parietal lesions) as grasping objects
(letswaart, Carey, & Della Sala, 2006; letswaart, Carey, Della Sala, & Dijkhuizen, 2004), th

further confirming differential functional specialisation of ventral aodsal parietal areas with
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respect to skilled gestures and on-line control of goal-directed movements. Tool-ussdsredra
special category of action requiring bofh) functional knowledge: ‘what a tool is used for’ (e.g.

using scissors to cut a piece of paper); and (2)si@elific mechanical knowledge: ‘how to use it’

(e.g. how scissors have to be manipulated in order to achieve the action goal)| €ayitces
associated with apraxia are not well established. However, evidence sudgesishéreas
mechanical spatiotemporal deficits typically observed in apraxia are frequemdiatent with left
frontoparietal and inferior parietal damage (Haaland, et al., 2000), loss of functional and @nceptu
knowledge about action are attributed to lesions in the left temporo-pauiettibp (De Renzi &
Lucchelli, 1988). Such dissociated lesion patterns suggest that stored hand-tool action
representations and tool function representations may have differential neurglinmidgs. The
results reported here (Study 2 and Study 3) are in line with the proposition that theSefnaght

encode skilled representations of hand/tool postures (Kalenine, et al., 2010).

6.4.3. Role of somatosensory processing

To reach an action goal, coding is required of mechanical and functional knowledge about th
acion (i.e., how to manipulate scissors to cut a piece of paper) as well as repicseofabod

part position during action (i.e. knowing the hand position in relatiohgobject to act upon).
Therefore, to carry out an action accurately, the position of different ity with respect to one
another has to be computed and updated moment by moment while the action is beitegl.execu
This internal and dynamic body representation is called body schema (Buxbaum @20nkard
represents a somatosensory and proprioceptive map of different body parts with espect t
another which is not accessible to consciousness (Paillard, 1999). Somatosensory [plageases
relevant role in mapping this dynamic representation of our body parts in spaar(@ijk& de
Haan, 2007) and posterior parietal lesions lead to differential impairments of boelsergptions.
Autotopagnosia is a neuropsychological defict generally associated to leftqraséeietal lesions

that compromises the ability to localise and direct the different parttheofbody in space
(Buxbaum & Coslett, 2001). The inability to recognise ownership of body parts, called
somatopharaphenia, is also associated with left posterior parietal lesiohg¢Be& Aglioti,
1997). Moreover, after limb amputation, patients frequently report proprioceptiveeshang
length and form of their missing arms (Berlucchi & Aglioti, 1997)ighirand collegues (1991)

described a patient who, although unable to to perceive the position of her own body parts, was
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able to correctly point toward targets located upon her hand. Taken together, this evidence sugges
that somatosensory-processing and posterior parietal areas play a role in sulibenogy
schema representation. How does this evidence relate to the resultedrepathiis thesis? As
described above, the results | describe in these studies reveal a left |dterefiserk of areas
involved in hand-tool computations: the left LOCT in the ventral visual stegatrthe left IPS in
the dorsal action stream. Therefore, functional connectivity between occiptoenand parietal
areas is likely to support integration between hand-tool visual and propriecetiated
processing. For instance, posterior parietal areas might integrate wipualabout the hand
coming from left LOTC with input coming from somatosensory areas coding pceptive
information about hand position (Dijkerman & de Haan, 2007). Neuropsychological evidemace
double dissociation between visual perception and proprioceptive representation of bedy par
space has been reported (Paillard, 1999). In this seminal study, Paillard (129®edes patient
who showed a selective impairment in the visual perception of the target handthetaklity to
point and reach target locations on that hand was spared, thus suggesting a disbetiation
visual and proprioceptive hand representations. The opposite dissociation wabedestra
deaffereted patient who was able to verbally localised target stimuli orhdret but was
significantly impaired when pointing toward these target locations when tidewssnot visible.
Interestingly, her performance considerably improved when the hand was visible. dgddrert,
the above evidence suggests that integration of both visual and proprioceptivaiitforof body
parts is critical to efficiently move our body in space. Areas in the qimsparietal cortex might

subserve integration of such visual and somatosensory hand representations to subserve action.

6.4.4. Role of motor processing

There is evidence that the execution of hand movements modulates responseal iareasi
(Astafiev, et al., 2004; Orlov, et al., 2010; Oosterhof, et al., 2010). Astafiev dedgues (2004)
reported activation in the lateral occipitotemporal cortex to unseen haddfdot) movements.
This region partially overlaps with the extrastriate body area (Downing, et al., 2001). A compariso
of Talairach coordinates suggests that this region (Astafiev, et al., 2004t) atsg overlap with

the hand-selective area described in this thesis (Bracci, et al., 2010). Inthnéhig/ipossibility,
recent reports show crossomodal effects for observed and executed hand movemente{Cabster

al., 2010), overlapping motor and visual responses associated with differendrtxl{Orlov, et

154



al., 2010), and Study 4 in this thesis shows that the execution of hand movements activatec
occipitotemporal areas that closely overlap with areas activated durirapsleevation of hand
movements. In light of this evidence, the question arises as to whethevealestionses to hands

in the left LOS might be explained by hand-motor responses to the one-back taskgu:daring
scanning. This interpretation is very unlikely for the following reasormstlyi the behavioural
one-back task used to control for attentional confounds requires respondintheviight index

finger any time the same picture is shown twice in a row. The number of imagiticepées

equally distributed across stimulus blocks. Therefore, when we contrasted blocKfemehti
stimulus category (e.g., hands versus bodies) any possible effect associated with tand mot
responses is subtracted away. Secondly, the results reported in Study 4 in this thesis show tha
whereas motor and visual responses to hand (and tool) movements activate corresponding
substrates in the occipitotemporal cortex (other than parietal action-relatas)), their neural
underpinning is largely independent of one another. Taken together, this evidence shpports t
novelty of the findings reported in this thesis and poses new questions regarding potential

interactions between motor-related and visually-related processing in occipitotempoal areas.

6.5. Functional connectivity constraints as principles of the visual system organisation

Why would hand and tool representations that share neither visual similarity lgdads mostly

having elongated shapes with sharp edges and hand having round shapes with smoothed edges) I
object domain (tool being inanimate and hand being animate) share the same anatomical territory i
the human visual cortex? The lateral occipital cortex encodes object informmatemms of visual
similarity (Op de Beeck, Baker, DiCarlo, & Kanwisher, 2006) and object dofDawning, et al.,

2006; Kriegeskorte, et al., 2008). It has been shown that perceived visual siméegityin the
presence of unfamiliar objects, is represented in the pattern activity ¢OpQle Beeck, et al.,
2006). Furthermore, it has been demonstrated that one of the main category distihetions
encompasses structural organisation of the visual system is the dissociation lzstiweda and
inanimate objects (Kriegeskorte, et al.,, 2008; Mahon, et al., 2009). Our results tiséiow
representations of hands and tools share the same anatomical territory regardiémzndes in

visual form, appearance and semantic category membership. Therefore, thigndowvglrequires

taking into account the influence of non-visual object dimensions in driegstructural and

spatial distribution of category-selective substrates in the object yiatlavay. For instance, the
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property that both hands and tools share, of being involved in object manipulatioreaog m
“interacting in a functional manner with externbjects”, might be a good candidate in explaining
hand-tool overlap in occipital and parietal areas.

Evidence for strong left lateralisation of the LOTC hand/tool area (in tgimded
participants) was replicated in all studies reported in this thesis, ingtche parietal
representation of these categories found in the left alPSv. The peculiar aaafomofile of the
LOTC hand/tool area, relative to primarily right lateralised face (FFFA)Oand body areas
(EBA/FBA), further characterises its unique functional status. Moreover, it supstrédesic role
in processing visual information relevant for action-related processingnisirancoded in the left
lateralised frontoparietal network (Lewis, 2006). Congruent hemisplegecalisation between
cortical structures encoding visual information of hands and tools and those enaotiing
representations is strategically advantageous. Indeed, such a left lateralised meairavismalf
processing of hands and tools would speed up exchange of information with frattpagions
that house action representations for action-related processing througtheimispheric,as
compared to irr-hemispheric, neural circuits.

In this way, functional connectivity constraints (Mahon, et al., 2007) betwe&h aDd
functionally-specific networks may provide an explanation for these findififfsrent stimuli (i.e.
hands and tools) that are processed in the same network (i.e. frontopatietainatwork) are
likely to be both encoded in the part of OTC that is best connected to thvwsrkieEunctional
connectivity analyses on our data support this interpretation: the hand/todr k€jion was
sekctively connected, relative to neighbouring regions, to the left alPSv hand/tool regiobediescr
in this thesis, which is part of the left-lateralised frontoparie¢vork previously implicated in
tool-action observation (Jacobs, et al., 2010; Peeters, et al., 2009). These findings @lso hav
important implications for our understanding of brain organisation more gendtail example,
the proposed principle can also account for previous findings of close overlap between
representations of faces and bodies in the right ventral OTC, since objesergptions of both
categories need to connect to corresponding downstream regions involved in representing
persons identity, emotion, etc (Peelen & Caramazza, 2010). Together, these findings show that
non-visual object properties being primarily involved in object-directed actions - influence the
functional organisation of OTC. More generally, the findings suggest thaectivity between
specialised brain regions partially determines the spatial distribution antbhata@rganisation of

selective areas in the visual system.
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6.6. Combining univariate and multivariate approaches

In recent years, functional magnetic resonance imaging has been an invalualdeskpbbite the
underpinnings and functional substrates of cognitive functions, both from a researchizadl cli
point of view. However, like other techniques, fMRI has some limitations, masthe capability
to resolve activations within a small portion of the cerebral cortex. In ouriexgrés we sample
the brain using voxels that measured 3 x 3 x 3’ mna therefore the smallest spatial resolution we
are able to capture did not go below nine cubic millimetres (i.e. theasotivof one voxels as
compared to another). If we take into consideration that in one voxels of three cubi@tm@hlim
there are thousands of neurons, it becomes clear that fMRI cannot really captureesudtiabn
at the level of single neurons or populations of neurons. In the past tenrngeahnseffort has been
devoted to developing paradigr(fy Rl adaptation paradigm, see Grill-Spector & Malach, 2001)
and analytic approaches (multivariate analyses, see Mur, Bandettini, & Kriege2KfX®) that are
able to increase the spatial resolution of fMRI. One of the less controversial way (for hvietica
on fMRI adaptation paradigms, see Summerfield, Trittschuh, Monti, Mesulam, & Egner, 2008) t
increase fMRI sensitivity is to combine standard univariate statistic approachesagtivation-
based analyses) with more sensitive multivariate statistical approachesnfergiation-based
approaches) (Kriegeskorte & Bandettini, 2007a, 2007b; Norman, Polyn, Detre, & Haxby, 2006).
The main advantage in using multivariate analyses (such as MVPA, see Study 2, Study 3
and Study 4) in addition to univariate techniques (General Lineal Model - GL#¢ igossibility
to increase sensitivity to detect information in the data analyses. Whargasiate analyses
average the hemodynamic signal across a large number of brain voxels that siynrfésaond to
a particular condition, multivariate analyses consider the signal preseém megponse pattern
across multiple neighbouring voxels. This results in a reduced signal loss. Indeedjciveiak
within one voxel might carry relevant information with regards tovargcondition of interest that
can only be revealed when considered together with information carried by slimgsimoxels
(Norman, et al., 2006). By taking into consideration how activity changessasingle voxels as
compared to many averaged voxels, MVPA is better able to capture diféengtmnibutions of
activity from neighbouring populations of neurons. The studies reported in this thesiggaod
example of a scenario where combining multivariate with standard univariate apgsroach
successfully increases sensitivity in the investigation of spatial apséxttween representations
(Kriegeskorte, 2011; Kriegeskorte & Bandettini, 2007b; Raizada & Kriegeskorte, 2010).
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In Study 2, | investigated the degree of functional and spatial correspondence between hanc
and tool representations in the left LOTC. Anatomical overlap analysedyckE@mwed a
significantly larger degree of spatial overlap between hand and tool representatiting tel
bodies and body parts (see Figure 3.6). However, univariate analyses on %BSC revealed that th
average magnitude response was significantly higher for hands relative to toatls LOTC-hand
and LOTC-tool (see Figure 3.5). Moreover, the response to tools was not differarthat for
bodies (see Figure 3.5). According to standard univariate analyses, interpretatieseofdsults
would suggest that the left LOTC shows strong selectivity for hands only, willsmuiminating
between other categories such as bodies and tools. However, when using mulipztéate
correlation analysis (MVPA) to investigate thelationship between hand, tool and body
representations within a larger portion of LOTC (20x20x20mm), analyses revealed fierenti
findings. In left LOTC, but not in neighbouring areas (OC and FG), the datshdiv strikingly
close correspondence between pattern responses activity to hands and tools (see Fighis 3.7). T
high similarity in response pattern distribution was specific for handsoatsland did not extend
to other body parts. Indeed, response patterns to hands and tools were negatively cortklated wi
response patterns to bodies and body parts, despite the fact that hands are bodylgtanitidry
These results in the left LOTC were replicated in Study 3 (see Figure mt &dition, Study 3
showed that, although hand and tool representations showed similar degree of ovalefin
alPSv, within this region response patterns to tools and hands could be distinguigieenh leach
other. Thus despite the anatomical overlap, hand and tool representations are underpinned b
independent neural populations in the left alPSv (see Figure 4.5 and Figure 4.9).

In Study 4, multivariate pattern correlation analysis was used to invesiigdetail the
degree of correspondence between motor-evoked and lyiswaked activations to hartdel
actions. Although univariate analyses using whole-brain group-average analysesiravieatg
anatomical overlap between action execution and action observation, MVPA successfully
demonstrated that motor-evoked and visually-evoked responses tdobhadtions were largely
independent of one another despite sharing the same anatomical territory (see Figure 5.2 and 5.3)

To sum up, by taking tn consideration response patterns across neighbouring voxels
(regardless of whether BOLD responses differed significantly terdift conditions at a given
voxel) multivariate approaches such as MVPA can drastically increase analysisvisens
compared to traditional activation-driven fMRI approaches that mainly focusewsaling

relationship between a particular cognitive process and a subset of voxels in the brain.
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6.7. Conclusions and futuredirections

Two regions have been described in this thasiselectively responsive to both hands and tools:

(1) the left LOTC part of the ventral ‘visual’ pathway, and (2) the left alPSv part of the dorsal
action pathway. In the ventral ‘visual’ pathway, the left LOTC hand/tool area is functionally and
anatomically segregated from the posterior motion-selective area MT/MST, Hediveearea

EBA and object-selectiverea LO. In the dorsal ‘action pathway,’ the ventral aspect of the left

alPS shows hand/tool selectivity whereas the dorsal part of alPS in both hemispheres show
selectivity only to hands. These two latter regions are anatomicallggsggd from each other.
Functional connectivity analyses confirm connectivity between occipitotempuocdhlparietal
hand/tool selective areas.

Taken together, the findings reported in this thesis support the following conclusions. First
the results support an organising principle regarding the distribution efjargtselective
responses across human higher-order visual cortex. The similarity of hand- asdlgotie
responses indicates that the functional organisation of LOTC partly folhowsvisual object
dimensions. | suggest that (1) the distribution of category-selective LOpGnwss (e.g., hands
and tools) partly reflects the type of information that objects providdn (@siche fact that hands
and tools are both involved in object directed actions), and that (2) thisisati@m relates to
connectivity patterns between LOTC and functionally specialised networks ftemtoparietal
action network). Second, our results show that whereas left ventral IPS responds to hands and tool
the bilateral dorsal IPS shows selectivity only to hands. These dagsstiggt, whereas the dorsal
alPS (bilaterally) might be suited to be involved in online control of actibesyentral alPS (left
hemisphere) might be a key region in subserving storage of hand/tool actionmepi@se These
findings are in line with the account that posits differential specialisatiothé ventral and dorsal
left alPS in regards to control of hand directed actions (Glover, 2004).

Future research may investigate the role of handedness in driving left latemal{g right
handers) of hand/tools areas documented in these studies. In the large majotiityrafrmiters the
left hemisphere houses language and praxis substrates (Kroliczak, et al., 2011). €lidiea
showing frequent co-morbidity of language and praxis deficits following left hemispisong
suggest a degree of dependency between the neural substrates underpinning these cognitiy
abilities. Some recent evidence has suggested that handedness might, to a certaie ertated
to lateralisation of both language and praxis networks (Kroliczak, et al., 2@Wis, Phinney,
Brefczynski-Lewis, & DeYoe, 2006). Following up on this evidence, it would be of interest t
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investigate to what extent the left lateralisation for hand/tool aressiloled in this thesis may

swap to the right hemisphere as consequence of atypical handedness, language and/or prax
lateralisation. Let us assume that the left LOTC and left alPS are both involved in processing visual
and motor related hand/tool representations to subserve hand/tool action-redagssipg (e.g.,

action observation/execution). Let us also assume that left lateralisation of resjgohaads and

tools in LOTC is primarily driven by lateralisation of the praxis system. Orb#ises of these
assumptions, one would reasonably predict that in a special population dfluativsuch as
extreme left handers with language and/or praxis systems lateralised in hthdeigisphere,
hand/tool selective responses might show homologous lateralisation to the languagaxand pr
network.

In conclusion, changes in the morphological structure of the human hand are thought to
have played a substantial role in human evolution by giving rise to the developient
manipulatory capabilities and the emergence of tool-use (John Russell Napi#te§ 1993). This
latter cognitive ability, together with language, is one of the defining cépbihat distinguish
humans from other non-human primates (but see also, Peeters, et al., 2009; Petkov, $,08otheti
Obleser, 2009). Moreover, hands are the primary way we interact with #graaxivorld (e.g.,
goal directed actions) and communicate with other individuals (e.g., gesturaluoaration).

These may all be key factors underlying the evolution of neural mechanisgulynilevoted to
visualy and action-related processing of hands and tools. Evidence for such brain mechanisms
have been reported for the first time in the series of studies described hre#iiss Addressing the
question of whether these mechanisms are unique in humans or can also be observethifto a ce
extent) in other species of hon-human primates (whose brain organisation clasgtgsrihat of
humans (e.g., see Kriegeskorte, et al., 2008), is an important challenge to help neuwstsstenti

better characterise what makes us human.
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Appendix 2. Exemplars of stimuli used in Study 2. From top to bottom each row shows 10 examples of stimuli used in
the object category localiser in Experiment 1: mamptatds, scenes and hands.
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Appendix 3. Exemplars of stimuli used in Study 3. From top to bottom each row shows 10 examples of stimuli used in
Study 3: tools, non-graspable objects, bodies, hands and scrambled.imag
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Appendix 4. Single subjects Tailarach coordinates for hand and tool contrasts. Tailarach coordinates and cluster size
are reported for each single subject’s ROI’s localised with the comparison of hands > non-graspable objects, bodies and
scrambled images (hand contrast: H> O+ B+S) and tool > non-grasjmgbdtspbodies, and scrambled images (tool
contrast: T> O+B+S). Mean Talairach coordinates and standard errafsareeported.t{values corrected for false
discovery rate (FDR)<.05).

subjects H> O+ B+S T> O+ B+S
X y z mm X y z mm

Left Lateral Occipitotemporal cortex (LOTC)

1 41 -75 -6.1 5572 43 -73 -9.2 2625
2 48 -61 -18 1280 51 -57 -18 170
3 45 -62 -2.1 1683 38 -66 -7.1 639
4 49 -73 -4.5 4101 48 -75 -8.1 1159
5 A7 -70 -6.8 936 53 -70 -7.5 273
6 50 -66 -5.4 2572 43 -61 -16 1239
7 44 -78 -3.7 4971 51 -68 -4.1 521
8 A7 -62 -4.2 2313 49 -59 9.4 1200
9 A8 -74 -3.7 4062 45 -60 -9.5 1796
10 -47 -75 -3.4 2659 44 -72 -5.2 2700
11 -48 -74 -4.5 1462 45 -63 -17 177
12 -43 -71 -2.1 3808 39 -70 -4.1 661
13 -50 -67 -10 1520 50 -65 -16 1966
14 -43 -78 15 2809 40 -78 -1.9 2851
15 -46 -73 -4.9 3995 42 -71 -11 2118
16 -43 -72 -7 3453 33 =72 -13 775
Sd 4.3 5.2 4.9 35 4.0 3.1

Mean -46.2 -70.7 -5.3 -44.6 -67.5 -9.8

Continued on the next page
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subjects H> O+ B+S T> O+ B+S
X y z mm® y z mm®
Right Lateral Occipitotemporal cortex (LOTC)

1 45 -68 2.5 4503 * * g
2 43 -66 -24 1530 * * *
3 45 -64 -0.98 945 * * g
4 40 -64 -8.9 1293 * * g
5 41 72 -4.4 1696 * * *
6 43 -64 -14 622 * * *
7 44 -65 2.7 944 * * *
8 47 -59 5.6 1117 * * *
9 45 -69 2.4 5093 * * *
10 41 -66 9.4 1548 * * *
11 43 -68 2.6 964 * * *
12 42 -70 45 328 * * *
13 48 -59 7.7 808 * * *
14 42 -70 5.1 476 * * *
15 42 71 7.2 3721 * * *
16 38 -68 9.6 414 * * *
Sd 3.3 45 3.7

Mean 431 664  -6.1

Continued on the next page
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subjects H> O+ B+S T> O+ B+S
X y z mm® X y z mm®
Left Ventral Anterior Intraparietal Sulcus (alPSv

1 -52.0 -37.0 38.0 1878.0 -48.0 -37.0 39.0 802.0
2 -57.0 -30.0 34.0 328.0 -54.0 -39.0 45.0 400.0
3 -35.0 -32.0 37.0 692.0 -37.0 -33.0 33.0 271.0
4 -54.0 -30.0 41.0 205.0 -32.0 -43.0 46.0 249.0
5 -31.0 -39.0 37.0 545.0 -30.0 -33.0 37.0 279.0
6 -49.0 -33.0 31.0 761.0 -14.0 -32.0 32.0 592.0
7 -49.0 -34.0 31.0 538.0 -47.0 -35.0 31.0 280.0
8 -54.0 -29.0 30.0 909.0 -51.0 -29.0 32.0 595.0
9 -52.0 -35.0 40.0 790.0 -50.0 -30.0 24.0 302.0
10 -43.0 -34.0 36.0 823.0 -39.0 -34.0 38.0 370.0
11 330  -35.0 40.0 168.0 -43.0 -37.0 39.0 228.0
12 -36.0 420 480 250.0 -35.0 -42.0 46.0 35.0
13 -39.0 -40.0 27.0 273.0 -41.0 -36.0 30.0 232.0
14 -58.0 -44.0 39.0 1285.0 -52.0 -38.0 40.0 679.0
15 -37.0 350  41.0 760.0 -35.0 -42.0 50.0 153.0
16 -370 -47.0 36.0 1141.0 -33.0 -61.0 55.0 403.0
Sd 2.8 2.6 25 sd 47 2.2 2.3
Mean -440  -367 367 Mean -401  -376 386

Continued on the next page
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subjects H> O+ B+S T> O+ B+S
X y z mm X y z mm

Right Ventral Anterior Intraparietal Sulcus (alPSv)

1 46.0 -45.0 50.0 918.0 * * * *
2 33.0 -40.0 35.0 329.0 * * * *
3 39.0 -32.0 44.0 277.0 * * * *
4 59.0 -35.0 38.0 89.0 * * * *
5 28.0 -39.0 41.0 830.0 * * * *
6 41.0 -28.0 37.0 220.0 * * * *
7 26.0 -44.0 43.0 157.0 * * * *
8 28.0 -34.0 44.0 239.0 * * * *
9 * * * * * * * *
10 52.0 -44.0 30.0 743.0 * * * *
11 * * * * * * * *
12 * * * * * * * *
13 41.0 -29.0 31.0 85.0 * * * *
14 36.0 -27.0 40.0 490.0 * * * *
15 34.0 -32.0 42.0 1010.0 * * * *
16 51.0 -28.0 29.0 339.0 * * * *
Sd 21 2.2 2.3

Mean 39.5 -35.2 38.8

Continued on the next page
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subjects

H> O+ B+S

y

mm

T> O+ B+S

y

z

mm

Left Dorsal Anterior Intraparietal Sulcus (alPSd)

1
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Mean

-39.0
-40.0
-25.0
-35.0
-34.0
420
-32.0
-28.0
-31.0
-39.0
-28.0
-26.0
-39.0
-37.0
-31.0
-31.0
31

-24.8

-59.0
-53.0
-58.0
-45.0
-50.0
-43.0
-58.0
-57.0
-38.0
-47.0
-52.0
-57.0
46.0
-46.0
-49.0
-64.0
3.9
-51.4

48.0
48.0
56.0
51.0
48.0
38.0
48.0
55.0
35.0
40.0
46.0
42.0
46.0
58.0
48.0
49.0
3.5
47.3

1086.0
1091.0
2535.0
504.0
913.0
1301.0
500.0
2397.0
905.0
133.0
667.0
976.0
65.0
561.0
717.0
600.0

Continued on the next page
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subjects

H> O+ B+S

y

mm

T> O+ B+S
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Right Dorsal Anterior Intraparietal Sulcus (alPSd)
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16.0
33.0
19.0
32.0
29.0
26.0
38.0
28.0

*

28.0

10.0
34.0
24.0
33.0
2.8

22.6

-81.0
-54.0
-62.0
-43.0
-51.0
-44.0
-52.0
-56.0

*

-52.0

-59.0
-39.0
-63.0
-54.0
2.8
-54.6

44.0
47.0
52.0
47.0
57.0
43.0
53.0
57.0

*

47.0

50.0
62.0
49.0
45.0
25
50.2

411.0
942.0
988.0
97.0
1132.0
378.0
323.0
622.0

476.0

258.0
903.0
1023.0
586.0
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