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Summary

Human occipitotemporal cortex (OTC) is organized into distinct areas that are selectively
activated by the visual presentation of different categories, like faces (Kanwisher et al.,
1997), bodies (Downing et al., 2001), tools (Chao et al., 1999), hands (Bracci et al., 2010),
and places (Epstein et al., 1999). However, the precise role of these areas in processing their
preferred stimulus category is still unclear. Moreover, the debate on how such brain
organization originates is still unresolved. In order to investigate these issues, we focused on
one of these selective areas: a region in left lateral-occipitotemporal cortex (ILOTC) that has
been shown to be selective to both hands and tools and that is functionally connected to left
intraparietal sulcus (IPS) and premotor cortex (PM), regions involved in action processing
(Bracci et al., 2012). Although tools and hands are visually very different, they are both
involved in object-directed actions. Thus, ILOTC might process both categories in order to
efficiently communicate with IPS and PM. Alternatively, however, tool selectivity in ILOTC
may simply reflect epiphenomenal association of tools with hands, for example related to
mental imagery. Furthermore, the role of feedback projections between IPS and 1ILOTC in
shaping tool selectivity in ILOTC has not yet been investigated.

Using fMRI, we found that ILOTC was more strongly activated when participants
processed action-related properties of tools (deciding on the typical hand action associated
with a tool), as compared to when they processed contextual properties of tools (deciding on
the typical location associated with a tool). Importantly, TMS over ILOTC led to a specific
decrease in accuracy for action judgments but not for contextual judgments, supporting a
causal role for ILOTC in processing tool actions. We investigated ILOTC-IPS connections by
interleaving repetitive TMS with short fMRI scans. In a first experiment, we applied TMS
over left IPS and found a decrease in BOLD signal in left IPS, confirming that TMS
suppressed neural processing in the target area. Moreover, BOLD responses also decreased in
left dorsal PM and right IPS, suggesting that these two areas receive projections from left
IPS. However, no significant change was found in ILOTC, indicating that tool selectivity in

ILOTC does not require feedback from IPS. In a second study, we stimulated ILOTC. In this



study, however, no significant TMS-induced BOLD changes were found in the target region,
possible reflecting insufficient statistical power.

In conclusion, our results show that ILOTC is critical in processing action-related
properties of tools, indicating that tool selectivity in this area reflects processes that are
necessary for understanding tool actions. As a consequence, the finding that 1ILOTC is
causally selective for both tools and hands, even if these two categories are visually very
different, supports the hypothesis that the functional organization of OTC partly reflects non-
visual organizational principles. Finally, the fact that we did not find significant back
projections from IPS to ILOTC suggests that the role of ILOTC in processing tools does not
arise as a consequence of activity in higher areas, but that ILOTC is relatively autonomous in

processing action-related properties of tools.
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1. Introduction

Vision is our main source of external information in our daily life. We are able to process
visual information coming from our surrounding so quickly and automatically that we are not
aware at all of how these pure visual inputs are organized and processed in our brain, in order
to be able to take any decision on how to interact with our environment. Once our eyes have
focused on the object of interest from its surroundings, axons coming from the retina of each
eye meet at the optic chiasm, where fibers carrying information from the left and right visual
hemifields are divided and project to the contralateral occipital cortex through the lateral
geniculate nucleus. Here, the first elaboration of the visual information is carried on, and then
passed to higher more specific cortical areas for further elaboration according to what we
perceive, but also based on our intentions and needs, projecting towards the temporal and
parietal cortex. This processing is organized hierarchically, so that low-level inputs are
transformed into more detailed representations through successive stages. The further we go
from the first area in the occipital cortex, the bigger the neuronal response latencies and the
average receptive field sizes are, contributing to a more complex and fine neuronal response
(Smith et al., 2001). While the lower level visual cortex is able to discriminate between basic
properties of the visual stimuli, like orientation, shape, motion and color (Zeki et al., 1991;
Ungerleider and Haxby, 1994), higher level cortex is organized in more selective areas, that

are selectively activated by different categories, in particular categories that are extremely
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important in our lives, like faces (Kanwisher et al., 1997), bodies (Downing et al., 2001),
words (Dehaene and Cohen, 2011) and tools (Bracci et al., 2012).

Let’s take an example that nowadays is very common in our lives: assembling furniture at
home by ourselves. A good starting point would be to read the instruction manual. The first
level of elaboration about the words that we perceive on the booklet, like shape, color and
orientation, is certainly done in the occipital cortex, but later other areas involved in the
language/semantic network conduct further processing of what we perceive (Dehaene, 2009).
This will eventually consent us to read the instructions, associating a sound to the single
letters and a meaning to the whole word and sentence, allowing us to give a meaning to our
environment and to react accordingly to reach our goal and building our bookshelves. In the
likely case that we were not able to understand the instructions, sometimes it is easier to
simply have a look at the pictures and at the drawing of the tools we have to use. Certainly,
even simple pictures of tools, like a hammer or a screwdriver, are very immediate to process
and they can automatically activate the right motor pattern we would have to perform in
order to handle them, even when we are not consciously planning to use them (Makris et al.,
2011). Indeed, the simple visual presentation of tools is able to activate the parietal and the
premotor cortices (Chao et al., 1999; Chao and Martin, 2000; Bracci et al., 2010; Bracci et
al., 2012) implicated in action processing and motor programming, after receiving
information from visual areas. The pathways underlying visual information processing have
been widely studied, in both healthy participants and patients with restricted lesions, with
particular focus on areas that are more selective for specific categories. Nonetheless, it is still
unclear where the visual cortex ends and where action and semantic networks start. Is there
really a boundary between the visual areas and the higher cortical regions? Why is the brain
organized in these specific selective areas?

In order to shed light on these questions, we conducted a series of studies focusing on one of
these selective areas in occipital temporal cortex that preferentially responds to the visual
presentation of tools (Bracci et al, 2010; 2012), during viewing of pictures. One of the goals
was to investigate if this occipitotemporal tool area is purely a vision region, or if it is already
involved in processing more complex properties specific to tools (Study 2). Moreover, the

study of connections between this lower area and higher areas of the same functional network
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may help us to better understand the origin of brain organization. Thus, we explored how this
occipitotemporal tool area is connected with higher areas in the downstream
parietal/premotor network involved in action processing, in particular on possible back
projections from the parietal cortex (Study 3). In order to efficiently investigate both the
causal role of this tool area and its functional connections with other areas, we utilized both
fMRI and TMS, implementing them in separate experiments as well as combining them in
the same experiment. However, since it is also still unclear how TMS affects neuronal
activity, in the first study we aimed to better understand how TMS effectively modulates
neuronal activity in the stimulated brain region, allowing us to test the models proposed here.
Studying the role of this selective area for tools within the tool network can help us to better
understand the relevance of non-visual object properties in driving brain organization. But
before focusing on this tool area, the next section discusses the path that visual information
takes from the external world trough our eyes to the selective areas in occipitotemporal
cortex, and the main models that have been proposed to explain such brain organization.
Afterwards I will review the main findings about the cortical network involved in tool use,
and finally I will illustrate the use of TMS in interfering with cortical activity and how its use
can be efficiently combined with fMRI in order to study the role of a specific area within a

network.

1.1 Processing of visual information

1.1.1 Organization of visual object knowledge

Visual stimuli are decoded in different steps in the brain passing by several regions while the
encoding progressively becomes more complex. The first cortical area to process projections
coming from the eyes is the occipital lobe, extending to the temporal lobe, which is the area
usually referred to as the visual cortex. The visual cortex is hierarchically divided into five
different regions, called V1, V2, V3, V4 and MT (middle temporal), sometimes also named
VS5 (Zeki et al., 1991). Visual information passes through these regions in an orderly manner,
becomeing more and more complex as we proceed within the different levels of visual
cortex. V1, or primary visual cortex, represents the biggest visual area covering most of the

visual cortex and is also the most studied region in the brain. Cells in V1 have elongated
3
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receptive fields, and thus respond best to elongated stimuli, namely bars and edges (Hubel
and Wiesel, 1963; Wiesel and Hubel, 1963a, b), making them very sensitive to stimulus
orientation and shapes. In fact, Hubel and Wiesel found that as one goes deeper into the
cortex through successive layers perpendicular to the surface, all cells that have orientation
tuning prefer the same orientation. In contrast with this, moving across the surface of the
cortex, orientation preference changes in an organized way (Hubel and Wiesel, 1974), from
which the name of orientation columns to describe V1 architecture derives. Moreover,
although most cells in V1 are driven by information coming from both eyes, most of them
show an ocular dominance, with a preference for a specific eye, structured in a way similar to
the orientation preference (Swisher et al., 2010). While the role of V2 is still mainly confined
to the lower visual properties such as orientation, in V3 there are also cells that are tuned to
motion and to depth, whereas V4 mostly contains cells that are sensitive to colors (Lueck et
al.,, 1989). Most cells in V5, or MT, are tuned to motion, and it is organized in columns
selective for different direction and types of motion (Tootell et al., 1995). These different
regions are not only linked by forward connections, but there are also back projections from
the higher levels to the lower ones, for example from V5 back to V1 (Shipp and Zeki, 1985).
From the occipital cortex, then visual information can flow through two main pathways: the
ventral and the dorsal stream (Goodale and Milner, 1992; Ungerleider and Haxby, 1994). The
ventral stream is crucial for the visual identification of objects, like when we have to
recognize objects, faces, letters and words. It projects from primary visual cortex to the
lateral and ventral surfaces of occipital cortex, through to anterior ventral temporal cortex. In
contrast, the dorsal stream is involved in processing the spatial relationships among objects
and mediates online object-directed action, like visual guidance of movements for using a
tool, a network mainly lateralized in the left hemisphere (Figure 1.1). The dorsal stream
projects from the primary visual cortex to the dorsal occipital and the lateral temporal cortex,
through to parietal cortex (Ungerleider, 1995).

From the very first neuropsychological studies on patients it has been suggested that
occipitotemporal cortex (OTC), which is part of both the ventral and the dorsal cortices, is
organized in selective areas that are preferentially activated by specific semantic categories,

documenting the existence of dissociable neural systems that are specialized for representing
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knowledge of different conceptual domains (Warrington and McCarthy, 1987; Capitani et al.,
2003).

More recently, several functional imaging studies (Kanwisher et al., 1997; Chao et al., 1999;
Peelen and Downing, 2005; Downing et al., 2006), have also found selective areas in
different domains in healthy individuals. One of the first categorizations is between an intact
object and visual noise, with areas in the lateral occipital cortex showing greater activation
with perception of intact objects compared to their scrambled counterparts (Malach et al.,
1995).

Further in the ventral occipito-temporal cortex, an area encompassing mid-fusiform and the
adjacent occipito-temporal sulcus (OTS), has been proposed to be activated by the visual
presentation of words, referred to as the visual word form area (Dehaene and Cohen, 2011;
Price and Devlin, 2011). In addition, in our daily life there are also two other categories that
are extremely important for our social interaction: faces and bodies. So unsurprisingly there
are specific areas that are tuned for these stimuli separately, both are predominately
lateralized to the right hemisphere: a face area in the fusiform gyrus (Kanwisher et al., 1997),
known as the fusiform face area (FFA); and an area selective for bodies in the extrastriate
cortex (EBA), and the fusiform gyrus (FBA), overlapping with FFA (Peelen and Downing,
2005). Other examples of this cortical organization can be seen in the parahippocampal gyrus
(Epstein et al., 1999; Downing et al., 2006). Moreover, left lateral occipitotemporal cortex
(ILOTC) is preferentially activated by visual presentation of hands and tools (Frey, 2008;

Bracci et al., 2012), which is the main focus of the present thesis.

1.1.2 Origin of brain organization

Although many studies have investigated both the dorsal and the ventral streams, from which
the selective architecture of the occipitotemporal cortex has been mapped out, it is still
unclear what drives such brain organization (Mahon and Caramazza, 2009). After the initial
studies investigating cortical architecture, the main approach has been to put emphasis on the
sensory-motor properties of visual stimuli that activate a specific area in the brain, with little

emphasis on how this area is interacting with other areas involved in processing the same
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stimulus (Warrington and McCarthy, 1983; Warrington and Shallice, 1984; Warrington and
McCarthy, 1987).

It is clear that the very first elaboration, at least in the first regions of visual cortex, are
determined by the type of visual input. Nevertheless, processing of stimuli in further areas is
more and more susceptible also to our interpretation of the environment, including our
previous knowledge of the stimulus, our beliefs and our actual needs. This process obviously
cannot take place in an isolated region, but it must involve a more complex network of
cortical areas that need to be efficiently connected. When we see an object, it is very
important that we are very proficient in sending this visual input to the areas that are most
appropriate for processing that specific stimulus, like the parietal cortex for tools and the
temporal/frontal areas for words. This implies that these selective areas in the
occipitotemporal cortex are structured in order to project in a parsimonious way to the
corresponding higher areas. The importance of this connectivity between visual and higher
areas is such that it has been proposed as being responsible for driving brain organization of
object knowledge (Mahon and Caramazza 2009). In contrast, to support models that posit the
origin of brain organization on the sensory and motor systems, it has been argued that objects
that require foveation (e.g. like faces and words) are processed more in the ventral-lateral
occipital temporal cortex, compared to other categories that are viewed in the periphery and
are processed preferentially in the ventral-medial OTC. Shape has also been proposed to be
responsible for visual cortex organization, based on the fact that objects that share form
features activate overlapping areas, such as animals, or similar-looking unfamiliar shapes
(Haxby et al., 2000; Op de Beeck et al., 2008). Moreover, regions in the occipitotemporal
cortex and the parahippocampal cortices also have been shown to be selective for different
real-world size of the viewed objects (Konkle and Oliva, 2012). However, also congenitally
blind people have shown a similar organization for animate-non living stimuli (Mahon et al.,
2010), words (Buchel et al., 1998) and tools (Mahon et al., 2010). A recent study also
confirmed the existence of a separated ventral and dorsal stream in blind individuals
comparable to the organization in sighted participants (Striem-Amit et al., 2012). Therefore,
these results suggest that visual experience is not required for driving OTC organization, and

the foundation for cortical architecture may be found internally to the brain rather than
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externally. Indeed, an alternative explanation is to assume that the occipitotemporal cortex is
organized in order to optimize functional connectivity to the specific downstream networks
required by the different categories. This would explain why also people with no visual
experience show a similar brain organization to sighted people. Additional support for this
functional connectivity account comes from a recent study about left lateral occipital-
temporal cortex (ILOTC) that is selective for both hands and tools, which is functionally
connected to action processing areas in parietal cortex (Bracci et al., 2012).This is quite a
surprising finding considering visual differences between hands and tools, and suggests the
possibility that visual cortex organization also reflects action properties of objects, with
LOTC possibly being a region that encodes hand-action properties of tools, as we will show

in the second study of this thesis.

1dPM 1IPS

. Tool perception
regions

ILOTC

Figure 1.1. Dorsal and ventral pathways and tool perception areas. Yellow arrow depicts the path of the
dorsal stream covering occipital cortex and going through parietal and frontal cortex. Green arrow represents
the ventral stream, also originating in occipital cortex but then heading towards temporal regions. Red regions
represent the three main areas that are activated by the simple presentation of pictures of tools (Bracci et al.,
2012). 1dPM: left dorsal premotor cortex; 1IPS: left intraparietal sulcus; ILOTC: left lateral occipitotemporal
cortex.

1.2 A tool network in the brain
1.2.1 Tool use and cortical lesions

Tools, here meant as handheld objects that are typically manipulated by the dominant hand to
achieve action goals, physically and functionally extend our body, allowing us to achieve a

wide range of goals that would not be possible with our bodies alone. Much progress has



TMS and fMRI studies of tool perception Perini Francesca

recently been made in understanding the neural architecture that supports complex tool use.
As it is for language, the tool-use network is mainly lateralized to the left hemisphere,
represented in the brain as an extension of networks that are more generally involved in hand
actions. Neuropsychological and imaging studies showed a temporo-parieto-frontal pattern
for action knowledge elaboration, with the exact cortical locations slightly differing
depending on the type of the task (see for example (Lewis, 2006). Tools, as well as other
categories, are composed of different types of information. Indeed, in the last century,
neuropsychological studies have indicated that at least two properties about tool knowledge
are dissociable, supporting the idea that different features about tools are processed in
separated cortical regions and that knowledge is spread across different areas. Indeed, there is
evidence that skills in using a tool are processed separately from conceptual knowledge about
the same tool. For example, specific damage to areas in the left hemisphere, in specific the
posterior parietal and premotor cortex, can selectively impair the ability to correctly
manipulate a tool or imitate its use, while leaving intact the capacity to name or describe the
tool and its functional purpose (Ochipa et al., 1989; Leiguarda and Marsden, 2000; Rumiati
et al., 2001; Koski et al., 2002). In contrast, lesions in more posterior areas, in particular the
left posterior temporal-parietal junction, lead to the opposite pattern, with patients well able
to correctly handle a tool, while conceptual knowledge like recognizing what it is for is
compromised, sometimes putting the patient in funny situations like using a toothbrush as a
razor blade, or in dangerous situations such as the opposite one (Leiguarda and Marsden,
2000; Johnson-Frey, 2004; Mahon and Caramazza, 2005). A more recent clinical study also
investigated which type of information depended directly on parietal lobe lesions, and which
were maintained relatively intact (Goldenberg and Spatt, 2009). The authors tested three
different components of tool knowledge: functional knowledge from semantic memory
(Functional Associations), where patients had to select the appropriate recipient for the tool
(e.g. hair for a comb), or to indicate a substitutive tool that could be used for the same
purpose; mechanical problem solving using new tools (Novel Tools); and, use of everyday
tools and objects (Common Tools). Whereas the frontal lesions had an adverse influence on
all experimental tests, parietal lesions impaired Novel and Common Tools, but did not have

an adverse effect on the Functional Associations. Instead, temporal lesions seemed to be
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linked to impairments in the Functional Associations test, but this association did not show
up in the whole group analysis. Another study showed that lesions to the middle temporal
gyrus lead to impairment in retrieving conceptual knowledge for actions, together with
lesions in the left premotor/prefrontal sector, and in the left parietal region (Tranel et al,
2003). Interestingly, in a previous study by the same authors (Tranel et al., 1997) it was also
shown that defective recognition of tools, compared to animals and persons, was associated
with maximal lesion overlap in the occipitotemporal-parietal junction of the left hemisphere.
Another way to selectively study the causal role of an area is by creating a “temporary
lesion” by applying TMS to the specific area of interest during specific tasks, partially
confirming findings coming from clinical studies. TMS over left posterior parietal cortex
impaired the capacity to perform online adjustments that are necessary for visuo-motor task
actions (Glover et al., 2005; Tunik et al., 2005). These studies also suggested that TMS over
left parietal cortex showed that this area is more involved in tool use compared to the right
parietal cortex, which instead is more responsible for imitation of the action of others. A
recent study combined TMS and electromyography (EMG), showing that motor-evoked
potentials (MEP) recorded from hand muscles are modulated by the handle orientation of
passively viewed objects (Buccino et al., 2009), confirming that the tool network is activated
also when there is no action planning involved, and simple tool presentation is enough to
trigger also motor areas.

In conclusion, clinical studies suggest a causal role of MTG/ILOTC in tool perception, but it
is not possible to exclude that this impairment in tool knowledge is due also to lesion in other
areas. Moreover, whereas TMS studies showed the involvement of parietal and premotor
cortex in tool processing, even where there is no overt action required, so far there are no
TMS studies on healthy participants that show a causal role of ILOTC in tool knowledge.
Our study in chapter 2 showed for the first time the causal role of ILOTC during tool

perception in healthy subjects.

1.2.2 Tool use in healthy participants

Functional neuroimaging first of all confirmed the temporo-parietal network involved in tool
use, and also demonstrated that the sensory and motor systems are both automatically
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engaged during the conceptual processing of tools (Lewis, 2006). Besides, functional
imaging studies converge with neuropsychological data in showing that different tool
dimensions are elaborated in separated regions (Boronat et al., 2005; Canessa et al., 2008).
Mirroring clinical studies, there is also imaging evidence that the temporal and not the
parietal cortex is involved in representing the functional knowledge of tools (Canessa et al.,
2008).

A PET study also showed that functional judgments about manipulable objects compared to
non-manipulable ones, activated a network that included ventral premotor cortex (vPMC),
posterior middle temporal gyrus (pMTG), and intraparietal sulcus (IPS). The left vPMC and
pMTG were activated during both implicit and explicit retrieval of tool knowledge, while IPS
clearly showed a preference for the explicit task (Kellenbach et al., 2003).

Tool knowledge has been widely investigated with fMRI also using different presentation
modalities. Several studies have investigated the cortical regions involved in pantomiming
tool use (Choi et al., 2001; Inoue et al., 2001; Grezes et al., 2003; Johnson-Frey et al., 2005;
Fridman et al., 2006). Although tool pantomiming may also include some abstraction that
real tool use does not require, it still approximates quite well the planning of tool action and
has the additional benefit to be more testable in the scanner. Activation of areas in the left
hemisphere, primary motor cortex (M1) and in primary somatosensory cortex, were likely
due to hand and arm movements independent of tool. Nevertheless, the general pattern of
activation found in these studies still provided a good estimate of cortical regions involved in
pantomiming tool use, like the left superior parietal lobule (SPL). In addition, other regions
showed more bilateral activation, including the dorsolateral premotor cortex, ventral
premotor cortex, the inferior parietal lobule (IPL), and again the posterior portions of the
middle temporal gyrus (for review see Lewis, 2006).

Similarly, studies aiming to examine more conceptual aspects of tool use had participants
only imagine using the tool or preparing an action with it, finding that a similar network was
activated, which was more left lateralized (Decety et al., 1997; Grezes et al., 2003; Creem-
Regehr and Lee, 2005; Fridman et al., 2006). Several studies also showed that hearing hand
tool sounds compared to sounds of different origins, like animal sounds, activated areas that

overlapped those involved during tool use, and including again the left IPL, SPL, vPMC,
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middle frontal cortex, and the bilateral pMTG (Aziz-Zadeh et al., 2004; Beauchamp et al.,
2004; Lewis et al., 2005).

Other studies, where participants viewed and named several objects, showed activation in
Wernicke’s language perception area (Wise et al., 2001; Binder et al.,, 2003). But tools,
compared to other categories of objects, activated more portions of the left posterior MTG,
the inferior temporal cortex (ITC) and frontal cortex areas, as well as the left ventral
premotor cortex and the left posterior parietal cortex, consistent with a left network involved
in language related processing (Damasio et al., 1996; Vandenberghe et al., 1996; Tranel et
al., 1997; Chao and Martin, 2000). Moreover, the same cortical network is also activated
when deaf signers have to name tools (Emmorey et al., 2004). Notably, the overall pattern of

activation for naming tools was remarkably similar to the pattern for viewing tools.

1.2.3 Tool perception in lateral occipitotemporal cortex

Within the tool network, most neuropsychological and imaging studies have focused on
higher cortical areas in the temporo-parietal cortex, while more recently, imaging studies
have shown that there is also a tool-selective area in the occipitotemporal cortex. That is,
even when no overt action elaboration is required, an area in OTC, mostly lateralized in the
left hemisphere, is selectively activated by tools compared to non-manipulable objects and
other categories (Bracci et al, 2010; 2012), in addition to intraparietal sulcus and dorsal
premotor cortex (Figure 1.1). As we partially reviewed in the previous section, the left lateral
occipitotemporal cortex, including the middle temporal gyrus (MTG), is activated in different
types of task involving tool perception from different sensory modalities, with the exact
location slightly differing according to how it is localized (for an anatomical delineation of
lateral OTC see (Weiner and Grill-Spector). In this section we focus on the studies on LOTC,
the focal point of the thesis.

As aforementioned, activity related to tool processing in MTG was also found in response to
pictures and written names of tools (Chao et al., 2002; Phillips et al., 2002; Kellenbach et al.,
2003; Kable et al., 2005a). The same region was also activated when imagining tools
(Creem-Regehr and Lee, 2005), hearing to tools associated sounds (Lewis et al., 2004; Lewis
et al., 2005; Tranel et al., 2005) and in response to spoken tool names (Noppeney et al.,
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2006). Activity in MTG was also differently modulated by the type of information that
participants had to retrieve about an object, irrespective of whether this was presented as a
picture or a written name. When the task required to generate words regarding an action on
the object, activity in MTG was higher in comparison to the task requiring to name the color
of the object (Martin et al., 1995). In another imaging study that supported the involvement
of the left pMTG in action properties processing by using a noun-verb homonym production
task, participants had to produce a single word in response to pictures of objects (saying
“saw” to a picture of a saw) and actions (saying “saw” to a picture of a person sawing).
Results showed that left pMTG was more active when noun-verb homonyms like “hammer”
and “comb” were generated in comparison to name actions than when used to name objects
(Tranel et al. 2005b). An area selective for visual presentation of tools is usually also found
in the anterior medial fusiform gyrus (Chao et al., 1999; Chao et al., 2002; Whatmough et al.,
2002; Fairhall et al., 2011), in contrast to other categories like animals and faces. Enhanced
activity in the medial fusiform gyrus using tool pictures and/or their written names has also
been reported by Devlin et al. (2005), Mechelli et al. (2006), Noppeney et al. (2006), and
Whatmough et al. (2002).

The involvement of MTG/LOTC in tool knowledge arises quite clearly from imaging studies,
while the causal role of this area in tool processing is still unclear. Indeed, as we reviewed
above, there is little evidence that lesions selective to LOTC lead to impairment in tool
processing. Even studies on healthy subjects are lacking for this finding, and as to our
knowledge no TMS studies have tested the causal role of MTG while elaborating
manipulable objects. Moreover, this area in ILOTC has been found to be selective also for
hands more than other body parts. Obviously tools and hands are visually very different, but
they both share the property of being involved in object-directed actions. Thus, this finding
raises the possibility that ILOTC is not simply a visual area, but is already involved in
processing action-related properties of both hands and tools, as also suggested by the
significant functional connectivity between 1ILOTC and the parietal cortex (Bracci et al.,
2012). Alternatively, selectivity to tools in hand-selective 1LOTC could reflect
epiphenomenal associations between tools and hands, for example through mental imagery of

hands when viewing tools. Another point that is unclear about tool knowledge in LOTC, is
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how this area is connected with the downstream fronto-parietal network, and if LOTC is a

necessary step in order to further process tool information in higher areas.

1.3 Use of TMS and fMRI

In the present thesis we make use of both TMS and fMRI, in separate studies as in the second
experimental chapter, or in combination in the third experimental chapter, where we used
repetitive TMS followed immediately by an imaging session. In order to have a better
interpretation of the TMS-fMRI results, here we review the main findings on how TMS
interacts with neuronal activity and how its use can be combined with imaging. Indeed, TMS
and fMRI have become two of the main standard tools in human cognitive neuroscience.
fMRI achieves a satisfactory spatial resolution in fMRI to the order of millimeters, by
assessing neuronal activity indirectly based on the detection of local changes of the blood
oxygenation level. This is the reason why its temporal resolution is only in the order of
seconds. However, one of the biggest limitations of fMRI in the study of cognitive functions
is that with fMRI no causal relationships between the activity in a given brain area and the
behavior under investigation can be achieved, providing only correlative information. On the
other hand, TMS can directly interfere with ongoing neural activity creating transient so
called ‘virtual lesions’, and thus can precisely provide the information on causal relations
between brain and behavior that cannot be shown by imaging techniques alone (Walsh and
Rushworth, 1999). Moreover, although TMS lacks in spatial resolution, it has a fine temporal
resolution, allowing researchers to investigate more in detail the timing of the flow of
information within a network. Thus, it is clear that TMS and functional imaging are two
techniques that can be even more informative when used in combination in the study of the
link between brain and behavior, assessing both spatial resolution and the causal role of an
area. In addition, the TMS-fMRI approach can be extremely useful in order to investigate
how different cortical regions are connected and to study network reorganization when
activity in one area is impaired. However, despite the wide usage of TMS in any aspect of
human cognition, its exact mechanisms of action and modulation of ongoing neural activity
remain unclear. This is why in our first study we wanted to assess the different models that

have been proposed in order to explain its effect. In the next section we will introduce these
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main models that we will test in chapter 2. Next, we present how TMS can be combined with

fMRI in order to investigate cortical networks.

1.3.1 Neural mechanisms of TMS-induced effects

TMS is able to give information about the causal role of an area by interfering with electrical
activity of the underlying neuronal population, by using the principles of electromagnetic
induction to generate electrical currents in the brain (Barker et al., 1985). The TMS
stimulator delivers a large electrical current in a brief period of time, and the current flowing
in the TMS coil produces a magnetic field that lasts for a few milliseconds, which is in turn
able to reach the surface of the cortex given appropriate parameters like TMS intensity and
coil orientation. This rapidly changing magnetic field can penetrate the scalp and skull and
induce an electrical field sufficient to stimulate neuronal activity. Although the underlying
mechanisms of this modulation are still far from clear, TMS is thought to interfere with
neuronal activity at the level of the axons, rather than the cell bodies of cortical neurons
(Ridding and Rothwell, 2007). The level at which TMS acts on the neuron could be very
relevant for example in studies that want to investigate the connection between the stimulated
cortical region and distal regions of interest. But how does TMS change this activity?
Usually, the TMS effect is described as a “virtual lesion”, with a general impairment of
neuronal activity (Walsh and Rushworth, 1999; Harris et al., 2008). Recent findings, though,
have demonstrated that TMS effects are not fixed, but state-dependent: brain states determine
the direction of behavioral effects induced by TMS. Psychophysical paradigms, such as
adaptation or priming, can increase the functional resolution of TMS and improve predictions
about its behavioral consequences. Specifically, TMS adaptation (TMSa) predicts that TMS
improves processing of perceptual attributes that are adapted, while decreasing performance
for non-adapted attributes. In a series of studies, Silvanto and colleagues clearly showed that
TMS is brain state dependent (Creem-Regehr and Lee, 2005; Silvanto et al., 2007a; Silvanto
and Pascual-Leone, 2008). One of the first studies on TMS adaptation showed that after
visual adaptation to the color green, we usually experience a red visual afterimage, meaning
that neurons coding for green colour are less active then neurons coding red. However, TMS
over occipital cortex induced phosphenes that looked like vivid green blobs within the
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afterimage (Silvanto et al. 2007). This was one of the first pieces of evidence that effect of
TMS depend on the prior activation of the stimulated neurons. On one side, this finding is
extremely relevant because it opens new possibilities for using TMS in cognitive
neuroscience. For example, TMS has a spatial resolution of about 1 cm, but the fact that its
effect depends on the neurons activity, with appropriate paradigms and designs it is possible
to measure differently the response of two close or even overlapping neuronal populations,
given that they are activated by different stimuli. In this case it is possible to pre-activate
only one of this population by adaptation of priming prior to the TMS stimulation (Silvanto
and Muggleton, 2008; Cattaneo et al., 2010; Ruzzoli et al., 2010).

On the other hand, the study of brain-state TMS can help us to better understand the
underlying mechanisms of TMS. The most popular proposed explanations are based on
neuronal suppression and noise addition. Some findings seem to support the model for which
TMS suppresses neural signals (Harris et al., 2008), while others would suggest that it adds
random neural activity to the ongoing processing (Ruzzoli et al., 2010; Walsh and Cowey,
2000). Others again propose that TMS effects are better explained by a combination of each,
with the exact balance depending on stimulation intensity but also on the anatomo-functional
characteristics of the stimulated tissue (see Miniussi et al., 2010; Siebner et al., 2009a).
Although there is still no agreement on how TMS interferes with neuronal activity, they
clearly show that its effect is much more complex than the “virtual lesion” approach
proposed at the beginning. As a consequence, also interpreting BOLD modulation due to
TMS stimulation becomes more difficult, asking for additional investigation to put light on

how TMS affects neural mechanisms.

1.3.2 TMS combined with fMRI

TMS and fMRI can be combined in three different ways (for review see (Siebner et al.,
2009). The most traditional way is to use neuroimaging to functionally map the area to be
targeted with TMS in a subsequent session (map-and-perturb approach). The other two
methods both interleave TMS and fMRI measurement, one using single pulse or short TMS
trains online in the scanner (perturb-and-measure), whereas the third method consists of
using neuroimaging after conditioning with TMS in order to map brain areas that are
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connected with the stimulated one, either during resting state or during a specific cognitive
task. Interleaved TMS/fMRI combines the advantages of the two single techniques: fMRI
offers whole-brain coverage at good spatial and temporal resolution, while TMS allows us to
establish causal structure-function links. The perturb-and-measure approach was first
introduced by Paus (2005) as a method for mapping neural connections in the live human
brain. Authors used TMS to perturb directly a selected cortical area, while simultaneously
they measured changes in brain activity using PET. In their first study, Paus et al (Paus,
2005) applied TMS to the left frontal eye fields (FEF) and found a significant positive
correlation between the number of TMS pulses and CBF at the stimulation site. Most
importantly, they found a change in CBF also in the superior parietal and medial parieto-
occipital regions, consistent with the known anatomical connectivity of monkey frontal eye
fields. Since then an increasing number of studies have used a similar TMS-fMRI approach
to investigate neuronal connectivity, mainly targeting the motor system. Bestmann and
colleagues (Bestmann et al., 2005; Bestmann et al., 2008) for example applied repetitive
TMS over left dorsal premotor cortex (dPM), and found that it led to a decrease in BOLD
response in regions that are connected with left dPM, including the right dorsal premotor,
bilateral ventral premotor cortex, supplementary motor area, somatosensory cortex, cingulate
motor area, left posterior temporal lobe, cerebellum, and caudate nucleus.

A more recent paper investigated functional connections between the posterior superior
temporal sulcus (pSTS), activated when observing biological motion, and the rest of the
action observation system. They applied low frequency TMS over pSTS and then measured
BOLD activity while participants observed a hand holding an object or a control condition
without grasping (Arfeller et al.). Results showed a change in BOLD in the lateral temporo-
occipital cortex, anterior intraparietal region and the ventral premotor cortex during the
holding of the objects, suggesting the role of pSTS as a pivotal region during observation of
goal-directed actions.

So far few studies have investigated other networks than motor networks combining TMS
and fMRI, like the impact of lamotrigine on prefrontal-limbic circuits (Li et al., 2004) and the
effect of TMS over parietal cortex in a visuo-spatial imagery task while simultaneously

assessing the impact on the task-related activity in the stimulated area and in interconnected
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frontal regions (Sack et al., 2007). Two other studies investigated top-down effects of frontal
and parietal regions on early visual areas (Ruff et al., 2006; Ruff et al., 2008). Here authors
applied TMS over intraparietal sulcus, a site previously implicated in attention, and found
that stimulation elicited a pattern of activity-changes in visual cortex, depended on the
current visual context. TMS over IPS affected the BOLD signal in V5/MT only when
moving stimuli were presented, whereas BOLD signal changes due to IPS TMS were
observed in areas V1-V4 only when there was no visual input, showing directly that parietal
and frontal regions can indeed have distinct patterns of causal influence upon functional
activity in human visual cortex (Ruff et al., 2008). In contrast, TMS over FEF led to activity
increase for retinotopic representations of the peripheral visual field, but to activity decrease
of the central field, in areas V1- V4.

In general, the above studies illustrate well how the new approach of concurrent TMS-fMRI

can reveal causal interactions between remote but interconnected areas of the human brain.
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Abstract

The effects of transcranial magnetic stimulation (TMS) vary depending on the brain state at
the stimulation moment. Four mechanisms have been proposed to underlie these effects: (i)
virtual lesion—-TMS suppresses neural signals; (i1) preferential activation of less active
neurons—TMS drives up activity in the stimulated area, but active neurons are saturating, (iii)
noise generation-TMS adds random neuronal activity and its effect interacts with stimulus-
intensity; (iv) noise generation—TMS adds random neuronal activity and its effect depends on
TMS-intensity. Here we explore these hypotheses by investigating the effects of TMS on
early visual cortex on the contrast response function while varying adaptation state of the

observers. We tested human participants in an orientation discrimination task, in which
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performance is contingent upon contrast sensitivity. Before each trial, neuronal activation of
visual cortex was altered through contrast adaptation to two flickering gratings. In a factorial
design, with or without adaptation, a single TMS pulse was delivered simultaneously with
targets of varying contrast. Adaptation decreased contrast sensitivity. The effect of TMS on
performance was state-dependent: TMS decreased contrast sensitivity in the absence of
adaptation but increased it after adaptation. None of the proposed mechanisms can account
for the results in their entirety, in particular, for the facilitatory effect at intermediate to high
contrasts after adaptation. We propose an alternative hypothesis: TMS effects are activity-
dependent, so that TMS suppresses the most active neurons and thereby changes the balance

between excitation and inhibition.

2.1 Introduction

Transcranial magnetic stimulation (TMS) is applied on a cortical region of interest to disrupt
the ongoing cerebral activity and test its causal role in a cognitive task, thus inducing a
‘virtual lesion’ (Walsh and Rushworth, 1999; Harris et al., 2008). Behavioral effects of TMS
are not fixed, their direction is determined by the brain state during stimulation (Silvanto and
Muggleton, 2008). Thus, psychophysical paradigms—adaptation or priming—can increase
TMS functional resolution and improve predictions about its behavioral consequences
(Cattaneo and Silvanto, 2008; Silvanto et al., 2008a; Cattaneo et al., 2010). TMS-adaptation
(TMSa) paradigm predicts that TMS improves processing of perceptual attributes that are
adapted while decreasing performance for non-adapted attributes. The underlying
mechanisms of TMS and TMSa are still debated.

Here we manipulated the brain state using contrast adaptation—a decrease in visual contrast
sensitivity produced by repeated exposure to high contrast stimuli (Dao et al., 2006; Pestilli
et al., 2007)—-to investigate the mechanisms of TMSa. We assessed how TMS affects the
behavioral contrast response functions (CRF), which depict spike rate (McAdams and
Maunsell, 1999) or discrimination performance (Pestilli et al., 2009) as a function of stimulus

contrast (Figure 2.1a). We tested four hypotheses on how TMS modulates perception:
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(1) Signal suppression (Naka and Rushton, 1966; Amassian et al., 1989) predicts that TMS
decreases the sensitivity of the underlying cortex independent of state; a rightward shift of
the CRF regardless of adaptation (Figure 2.1b).

(i1) The “preferential activation of less active neurons” (Silvanto et al., 2008b) predicts that
as activity increases, TMS activates signal-bearing neurons less than noninformative neurons.
Increasing stimulus contrast, causes only informative neurons, not non-informative, to
increase their firing rate. At high contrast levels informative neurons are already highly
active, so TMS would preferentially excite noninformative neurons. Hence, TMS would
decrease the activation difference between informative and noniformative neurons and this
SNR, and thus performance, decrement would be directly proportional to contrast,
modulating the asymptote (Figure 2.1c). This argument holds if one assumes suppression of
the most active neurons. Due to a floor effect, noninformative neurons cannot be further
suppressed, and the SNR would decrease with stimulus contrast, decreasing the asymptote.
(1i1) A noise generation hypothesis predicts different effects of TMS as a function of either
stimulus intensity (Simonotto et al., 1997; Ruzzoli et al., 2010) or (iv) TMS and stimulus
intensity (Schwarzkopf et al., 2011). Based on opposite TMS effects depending on the
system’s state it has been argued that noise induction in a nonlinear system leads to
stochastic resonance (Stocks, 2000; Schwarzkopf et al., 2011). According to (iii), stochastic
resonance would result in a nonlinear alteration of the effective threshold of near-threshold
stimuli: noise would boost representations of stimuli just below threshold improving
sensitivity, but it would reduce representations of stimuli just above threshold decreasing
sensitivity (Simonotto et al., 1997; Ruzzoli et al., 2010). A parsimonious explanation predicts
the same effect for the CRF after adaptation (Figure 2.1d). According to (iv), with high TMS-
intensity, sensitivity should decrease regardless of stimulus intensity, but with low TMS-
intensity, sensitivity would increase, especially for low stimulus values. To explain previous
effects of TMS-adaptation, Schwarzkopf et al. (2011) claim that the adaptation effect is akin
to reducing TMS-intensity. Consequently, stimulating with high intensity after adaptation

and stimulating with low intensity without adaptation yield the same prediction (Figure 2.1e).
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b) Unspecific suppression
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Figure 2.1. Contrast Response Function (CRF) without (a) and with TMS (b-e). a). Increasing stimulus
contrast leads to increased accuracy of behavioral reports yielding a CRF (black solid line). Adaptation reduces
contrast sensitivity, leading to a rightward shift of the CRF (green solid line). b-e), describe putative effects of
TMS on behavioral performance. b). A simple signal suppression account predicts that TMS decreases the
sensitivity of the underlying cortex no matter which state it is in, thereby leading to a rightward shift of the CRF
without (black dotted line) or with adaptation (green dotted line). ¢). The “preferential activation of less active
neurons” view (Silvanto and Pascual-Leone, 2008) postulates that TMS adds activity to the stimulated
population of neurons, but that already active neurons are subject to saturation. The account predicts that, as
activity increases, signal-bearing neurons get less activated by TMS than noninformative neurons. This would
lead to a detriment in performance that becomes stronger as contrast increases, resulting in a change of
asymptote of the CRF. d). A noise-induction account in combination with stochastic resonance predicts that
TMS particularly affects perithreshold stimuli, given that the predicted effect is a function of stimulus intensity
(Ruzzoli et al., 2010). Neural representations just below threshold are pushed across threshold while signals just
above threshold are pushed downwards. e). An alternative noise induction account in combination with
stochastic resonance predicts that TMS affects responses as a function of TMS- and stimulus intensity
(Schwarzkopf et al., 2011). Without adaptation, when TMS-intensity is high, sensitivity would decrease
regardless of stimulus contrast; with adaptation, akin to reducing TMS intensity, high-intensity TMS would
have a facilitatory effect only for stimuli at low to intermediate contrast levels with TMS effects being inversely
proportional related to contrast. Note that b-d predict qualitatively the same effect of TMS with and without
adaptation. In contrast, for ¢ TMS should modulate the shape of the adapted and not adapted CRF in a different

way.
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2.2 Materials and Methods

Six participants performed a 2AFC orientation discrimination task, following contrast
adaptation to two flickering Gabors with (adapted) or without (non-adapted) adaptation
(henceforth referred to as adaptation or no-adaptation blocks). To assess contrast sensitivity,
we measured performance in an orientation discrimination task as a function of stimulus
contrast (Nachmias, 1967; Carrasco et al., 2000; Cameron et al., 2002; Herrmann et al.,
2010).

The experiment consisted of six different sessions. The first session was only behavioral,
with a two-fold aim: to reach a stable performance and to determine stimulus-parameters so
that participants’ behavior would encompass the whole CRF to enable testing the different
models. TMS was applied and behavior was measured concomitantly using the parameters

obtained in the behavioral session.

2.2.1 Participants

Six healthy participants (4 females and 2 males, aged 26 to 36, including two of the authors
F.P. and L.C.) with no history of neurological or psychiatric illness were recruited for the
study. Participants were selected given their ability to detect the presence of phosphenes
induced by occipital TMS. Four observers were naive to the purpose of the experiment. All
participants underwent a screening for TMS contraindications and a short informal debriefing
after each session to assess short-term side-effects. All participants gave informed consent
before participating in the study. The study was approved by the ethics committee of the

University of Trento; participants were treated in accordance with the Helsinki declaration.

2.2.2 Apparatus

Stimuli were presented on a 17-inch gamma-corrected LCD monitor (DELL 1908FP-BLK)
in a dimly lit room. The background luminance was set to the middle of the monitor range at
59 cd/m2. The stimuli were generated and presented on a standard PC using Matlab 2007b
(Mathworks, Massachusetts) and ASF (Schwarzbach, 2011), an add-on to the Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997).
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The task was a 2AFC orientation discrimination task on one of two tilted peripheral Gabors
(sinusoidal gratings embedded in a Gaussian distribution; Figure 2.2), while fixating a central
fixation cross (0.5° x 0.5° visual angle). Trials were divided in adaptation and non-adaptation
blocks of 20 trials each. At the beginning of each adaptation block, there were two vertical
Gabors displayed 3°to the left and right and 1.5° below the fixation cross, flickering at 7.5 Hz
during 70 s. No-adaptation blocks started with a blank gray screen lasting for 20 s. Each trial
started with a 4 seconds top-up phase, which consisted of two flickering Gabors in adaptation
blocks (and a blank screen with only fixation cross in non-adaptation blocks). After the
presentation of a central white square subtending 1° x 0.4° visual angle, which served as a
fixation point, participants were presented with two static Gabor patches (5 c/deg subtending
4° of visual angle in diameter; 6 of 1.5°). In TMS-trials, a single pulse of 120% of the
phosphene threshold was applied at stimulus onset. The test Gabors were displayed at the
same locations as the adapting Gabors. To equate participants’ performance, the test Gabors
were slightly tilted (1.25° to 2.5°), clockwise or counter-clockwise, from vertical. Each
Gabor had an independent, randomly chosen tilt. In each trial, both test Gabors had one out
of six different contrast levels (2.5, 5, 10, 20, 30, 80%). Following presentation of the test
Gabors, a response cue (white square) appeared 0.5° to the left or right of the fixation cross,
indicating the side of the target Gabor. Participants responded within a 1-s allotted time, and

got an acoustic feedback (a high or low pitch for correct or incorrect responses, respectively).

2.2.3 Procedure and Design

Participants were trained for about an hour and the tilt of orientation was adjusted for each
observer and kept constant in the following five TMS sessions. Each of these sessions lasted
90 min, two no-TMS runs and two TMS runs. No-TMS and TMS runs were interleaved, and
the first run of each session was counterbalanced. Adaptation and no-adaptation blocks were
alternated within each run, with half of the runs starting with an adaptation-block. In no-TMS
runs the coil was directed to the same location as in TMS runs, but moved away from the
head by 1-2cm such that cortex would not be stimulated, while keeping the somatosensory
and auditive experience for the participants constant. Contrast levels of the test Gabors, their
respective tilts, and position of the response cue were randomized and counterbalanced
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throughout the whole experiment. There were 1920 trials per participant, leading to 80 data

points per cell and observer.

No adaptation Adaptation

20
trials

ST

Time

Figure 2.2. Trial procedure. At the beginning of each block of 20 either adapation or no adaptation trials,
participants were presented with a long adaptation phase. In the no-adaptation blocks, participants saw a 20-s-
long blank screen, while fixating the central cross. In the adaptation-blocks participants saw two vertical Gabors
at 100% contrast flickering for 70 s. After this adaptation phase, there were 20 trials starting with a 4 s top-up
phase. Following the presentation of a 50 ms central cue and a 50 ms blank screen, two tilted Gabors were
presented for 30 ms. In TMS-trials, a single pulse of 120% of the phosphene threshold was applied at stimulus
onset. Observers had to discriminate orientation of the target Gabor, whose location was indicated by a
subsequent 1-s response cue (task adapted from Pestilli et al., 2007).

2.2.4 TMS methods

Prior to the experiment, a high-resolution T1-weighted scan (magnetization-prepared rapid
gradient echo sequence (MPRAGE), 176 slices, in-plane resolution 256 x 224, 1 mm
isotropic voxels, Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) with
acceleration factor of 2, time to repeat (TR) = 2700 ms, time to echo (TE) = 4.18 ms, time to
inversion (TI) = 1020 ms, flip angle = 7°) of the brain of each participant was obtained using
a MedSpec 4-T head scanner (Bruker BioSpin, Ettlingen, Germany) with an 8-channel array
head coil (USA Instruments, Aurora, Ohio, USA). We coregistered the position of the TMS
coil with the participants’ reconstructed head and marked the location of TMS-stimulation on

the reconstructed pial surface of each individual brain using BrainVoyager Neuronavigator
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(Brain Innovation BV, The Netherlands, version 2.1) combined with a Zebris CMS20S
measuring system for real-time motion analysis (Zebris Medical GmbH, Isny, Germany).
Average distance between occipital cortex and scalp was 14.5 mm (range 11-21 mm).

At the beginning of the first TMS session we determined the stimulation site by placing the
coil over the occipital pole and moving the coil until a single pulse would generate a
phosphene at the center of the visual field, where the two Gabors would later be presented.
Although the main target of stimulation was V1, surrounding visual areas such as V2 and V3,
where also probably stimulated (Thielscher et al., 2010; Salminen-Vaparanta et al., 2011).
The coil position was stored for use by the neuronavigator in the remaining sessions.
Biphasic TMS pulses were applied with a figure-of eight coil (MC-B70) and a MagPro x 100
stimulator (MagVenture A/S, Denmark). The individual threshold of cortical excitability was
established as the lowest stimulation intensity applied over visual cortex necessary for
inducing phosphenes after dark-adaptation. The stimulation intensity used during the
experiment was set at 120% of the individual dark-adapted phosphene threshold on early
visual cortex, which ranged from 70% to 80% of the maximal stimulator output. Participants

wore earplugs throughout the whole experiment.

2.3 Results

We found that none of these prevalent hypotheses could account for the data we report in its
entirety, that is, for the respective shifts of the contrast response function (CRF) induced by
TMS with and without prior adaptation. Instead, we observed a decrease of contrast
sensitivity with TMS in the no adaptation state, but an increase of sensitivity with TMS in the
adaptation state for contrast levels at the dynamic range of the CRF.

The effects of adaptation, TMS, and contrast on the mean accuracy are depicted in Figure
2.3. We submitted accuracy to a three-way repeated measures ANOV A with the application
of TMS (TMS/no TMS), Adaptation state (adaptation/no-adaptation) and Contrast (2.5, 5, 10,
20, 30, 80%), as within-subject factors. Accuracy was contrast dependent (Fs;5=96.195,
p<.0001) with higher contrast levels leading to higher accuracy. Moreover, adaptation led to
a strong reduction in performance, with an average accuracy of 75% for non-adapted and

64% for adapted gratings (F; 5=32.038, p=.002).
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Figure 2.1: Adaptation and TMS effects. Accuracy was higher for the non adapted (black lines) then the
adapted (green lines) condition. TMS (dotted lines) had a different effect depending on the state of adaptation: it
decreased accuracy for the non adapted condition for intermediate contrast levels (dotted vs. continuous black
lines), but increased performance in the adapted condition (dotted vs. continuous green lines). Bars are standard
error of the mean.
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Figure 2.2: Scatter plots of thresholds for TMS and no-TMS conditions. Individual fitted threshold values
are plotted for the no TMS (x axes) versus the TMS (y axes) conditions. Black symbols represent non-adapted
conditions and green symbols represent adapted conditions. Each symbol depicts one observer. Open circles
correspond to the averages of the six participants, with error bars representing the respective standard errors of
the mean. TMS systematically increased individual contrast thresholds in the non-adapted condition while it
decreased contrast thresholds in the adapted condition.
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This decrease due to adaptation was stronger for intermediate contrast levels
(adaptation*contrast: Fs»s=5.117, p=.02), confirming previous findings on contrast-
adaptation (Dao et al., 2006; Pestilli et al., 2007). In addition, TMS had a different effect on
accuracy depending on contrast level and adaptation (adaptation®*TMS*contrast level:
F5,5=6.108, p=.001).

To differentiate among the three models (signal suppression and the two noise induction
accounts), we obtained four psychometric contrast response functions (CRF) for each
observer (adaptation-no TMS, no adaptation-no TMS, adaptation-TMS, and no adaptation-
TMS) by fitting Weibull functions (Weibull, 1951) to the data using the maximum likelihood
procedure implemented in psignifit (Wichmann and Hill, 2001b, a) a freely available toolbox
for MATLAB (Mathworks, Inc.). For each observer, we estimated contrast thresholds at a
fixed performance level of 70% (halfway between chance and asymptote). We analyzed
these fitted thresholds and asymptotic performance to assess the magnitude of the adaptation
and TMS effect with or without prior adaptation, using a two-way repeated measures
ANOVA with TMS (TMS/no TMS) and Adaptation state (adaptation/no-adaptation). TMS
had a differential effect on thresholds with respect to adaptation state (TMS*adaptation,
F,5=12.68, p=.016). TMS significantly increased thresholds in non adapted conditions (ts= -
3.315, p=.02), but decreased thresholds after adaptation (ts= 3.321, p=.02). These effects are
also present in the individual thresholds (Figure 2.4). TMS did neither affect the asymptote
nor the slope in any condition (TMS*adaptation, F1,5<1, p=.62; TMS*adaptation, F1,5<1, p
=.86, respectively; Figure 2.3).

2.4. Discussion

We assessed the effect of TMS on the behavioral contrast response function in six
participants with and without prior contrast adaptation. Without TMS, we replicated the
finding that contrast adaptation leads to a decrease of contrast sensitivity (Ohzawa et al.,
1982; Bonds, 1991; Pestilli et al., 2007), yielding a rightward shift of the CRF (Figure
2.2).With TMS we found clear evidence for state dependency. Applying TMS decreased
contrast sensitivity across the dynamic range when there was no adaptation, but TMS

increased contrast sensitivity across the dynamic range when participants were contrast-
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adapted. In addition, similarly to adaptation effects (Pestilli et al., 2007), TMS affected only
the thresholds of psychometric functions, leaving asymptotes unchanged. According to the
well established Naka-Rushton function (Naka and Rushton, 1966), which describes the
CREF, such left-right shift of the curve without affecting the asymptotes can only be explained
if the variable introduced in the system works at the input level of the function. In our study,
this suggests that TMS acts at the input level of neuronal processing, i.e. at the synaptic level,
via an input-gain mechanism. In order to understand how TMS differently affected

behavioral sensitivity we focus first on adaptation and then on TMS.

2.4.1 Behavioral and neural effects of adaptation on contrast sensitivity

The finding that adaptation shifts the CRF to the right without changing the asymptote has
been taken to suggest that adaptation is a form of reduced contrast gain (Dao et al., 2006;
Pestilli et al., 2007) which has also been reported with functional imaging in early visual
cortex (Gardner et al., 2005). A similar CRF shift was also found in a physiological study of
contrast adaptation using intracellular recordings in simple and complex cells of cat primary
visual cortex (Carandini and Ferster, 1997). These authors found that spike rate increases
with contrast and that after adaptation the resulting CRF was shifted to the right. Further
investigations on membrane conductivity led them to conclude that the effect of adaptation is
best explained by lack of excitation rather than an increase of tonic suppression, suggesting

that adaptation changes synaptic efficacy.

2.4.2 State-dependent effects of TMS

2.4.2.1 Pre-adaptation

In this study, we observed that in the non-adapted state TMS decreased contrast sensitivity.
This finding is compatible with the predominant view that TMS creates virtual lesions (i) by
suppressing neuronal activity (Walsh and Rushworth, 1999; Figure 2.1b) as well as with the
noise-induction account of TMS-intensity dependent effects (Figure 2.1e) (iv). However, the
TMS-induced decreased sensitivity in the non-adapted state is not consistent with the

preferential activation of less active neurons view (Silvanto et al., 2008a) (ii) because this
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would predict a change in asymptote (Figure 2.1c). Our data are also incompatible with the
noise-induction account of stimulus-intensity dependent effects (iii), for this would predict
that noise would push up performance for subthreshold stimuli and pull down performance
for suprathreshold stimuli, thus have a beneficial effect for the former but a detrimental
effects for the latter (Figure 2.1d). Note that the impairment in sensitivity brought about by
TMS cannot be attributed to phosphene induction, because the effect would have been the
same for the adapted and the non-adapted conditions.

Seemingly, our results are inconsistent with the conclusion reached by Ruzzoli et al. (2010).
They conducted a study dealing with the effects of TMS in V5 on motion coherence and
report that TMS leads to a decrement in sensitivity, depicted by a shallower slope. They
interpret their results to be consistent with the hypothesis that TMS induces randomly
distributed neural noise. We note, however, that their conclusion is based on average results,
but that the results of only less than half of the participants are consistent with such

hypothesis.'

2.4.2.2 Post-adaptation

In the adapted state, TMS increased contrast sensitivity across the entire dynamic range of
the CREF, shifting it leftwards, because the effect was more pronounced at the intermediate
levels. This finding is incompatible with all discussed hypotheses: (1) virtual lesion - it would
always predict detrimental effects on behavior (Figure 2.1b), (i1) the preferential activation of
less active neurons view (Silvanto and Muggleton, 2008) would predict a change in
asymptote reflecting a stronger effect at higher contrast levels (Figure 2.1c), (iii) noise
induction/stimulus intensity — it would predict beneficial effect for low stimulus contrast, but
detrimental effects for high stimulus contrast (Figure 2.1d); (iv) noise induction/TMS and
stimulus intensity — it would predict a facilitatory effect for low to intermediate stimulus-
contrasts (Figure 2.1e) with a consequent change in slope of the CRF. Schwarzkopf et al.
(2011) have proposed that after adaptation TMS is less effective activating the neurons
because they are less susceptible, and that ‘this is akin to reducing the TMS-intensity’ (p.
3146). Thus, they reason, after adaptation the TMS would have a similar effect to that caused
by reducing the TMS intensity, at which point stochastic resonance would be observed.

According to this proposal, it would follow that without adaptation the TMS effect should be
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strong and therefore detrimental, but with adaptation the effect should be weak and therefore
beneficial. Moreover, if TMS effects became increasingly smaller as stimulus signal
increases, one would expect a stronger facilitation for low to intermediate contrast stimuli
than for intermediate to high contrast stimuli, leading to a shallower slope.' Future
experiments should explicitly vary TMS intensity.

In sum, none of the proposed hypotheses can account simultaneously for the observed results
with and without adaptation. Furthermore, phosphene induction cannot explain the present
findings. It would decrease signal to noise ratio and consequently impair performance
orientation discrimination in both adaptation conditions; however, accuracy increased after
adaptation. Our results make it necessary to simultaneously explain the rightward shift
without adaptation and the leftward shift with adaptation, suggesting that TMS may change
the balance of excitation and inhibition. Moliadze and colleagues (Moliadze et al., 2003)
have reported that TMS pulses of high intensity (exceeding 50% of maximal stimulator
output), suppress predominant activity during the first 100200 ms. Based on our findings
we propose that TMS changes the balance of excitatory and inhibitory input, supporting the
idea that TMS has a suppressive effect that is activity dependent, with more active neurons
being more strongly affected. It has been shown that the predominant activation without
adaptation is excitatory, but after adaptation excitation decreases (Carandini and Ferster,
1997). Thus, according to our hypothesis, in the non-adapted case the predominant excitatory
input would be more suppressed by TMS than any inhibitory input, resulting in a rightward
shift of the CRF and a decrease in performance. Conversely, in the adapted case, suppressing
inhibitory activity by TMS would lead to disinhibition, yielding an increase of sensitivity and
a leftward shift of the CRF.

Our hypothesis could also explain previous studies on state-dependent TMS while
disambiguating the hypothesis put forward by Silvanto and colleagues in order to account for
the observation that after adaptation a TMS pulse leads to the perception of the adapter,
rather than its opponent. In their view ‘“TMS perceptually facilitates the attributes encoded by

' We note two relevant differences between our study and the studies of Schwarzkopf et al. (2011) and of
Ruzzoli et al. (2010): (i) they did not manipulate the state of the neurons prior to stimulation, as in TMSa
studies; (ii) they used three TMS pulses instead of one single pulse, with stimulus duration overlapping with one
or two pulses.
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the less active neural population’ (Silvanto et al., 2007b), which would leave open the
possibility that this perceptual facilitation is achieved either by exciting the less active
neurons or by inhibiting the more active neurons. However, as we have argued above,
unspecific excitation of less active neurons or unspecific inhibition of more active neurons
both predict in our experiment a change in asymptote of the CRF, which we did not observe.
We propose to treat excitatory and inhibitory neuronal populations separately, and that TMS
has an activity dependent suppressive effect on the inhibitory population. Consequently, we
suggest that the increased contrast sensitivity brought about by TMS after adaptation results

from an underlying mechanism of disinhibition rather than excitation.

2.5 Conclusion

The present study shows that TMS impairs perception when the visual cortex is not adapted,
but facilitates perception after adaptation. These results cannot be accounted for by any of the
current hypotheses underlying TMS effects. Here we propose that an activity dependent
suppressive effect of TMS may underlie state dependency of TMS effects, with TMS
suppressing more the excitatory or the inhibitory neuronal population depending on the

neuronal state at the time of stimulation.
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3. Left occipitotemporal cortex is causally and selectively
involved in tool action discrimination:
TMS and fMRI evidence

Francesca Perini®, Alfonso Caramazza™® and Marius V. Peelen®

“Center for Mind/Brain Sciences, University of Trento, 38068 Rovereto (TN), Italy "Department of Psychology,
Harvard University, Cambridge, MA 02138, USA

Abstract

Functional neuroimaging studies have implicated a region in the left lateral occipitotemporal
cortex (LOTC) in tool perception. However, evidence for a causal role for this area in tool
perception in healthy humans is currently lacking. Here, we used fMRI and online double-
pulse TMS to test whether left LOTC is selectively and causally involved in discriminating
tool-associated actions. Participants viewed briefly presented pictures of kitchen and garage
tools while they performed one of two tasks that were matched for difficulty: in the action
task, they judged whether the tool is associated with a rotation action (e.g., screwdriver) or a
squeeze action (e.g., garlic press), while in the location task they judged whether the tool is

typically found in the kitchen (e.g., garlic press) or in the garage (e.g., screwdriver).
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Contrasting fMRI responses between these two tasks showed a significant increase of activity
during the action task in both tool- and hand-selective LOTC regions, which closely
overlapped. No differences were found in nearby object- and motion-selective control
regions. Importantly, effective TMS over the tool-/hand-selective LOTC region, relative to
sham TMS, significantly reduced accuracy on the action task but not the location task. The
effects of TMS in the action task were significant when the double pulse was delivered at
150/250 ms and 270/370 ms after stimulus onset, but not at 30/130 ms after stimulus onset,
providing insight into the time window during which LOTC contributes to tool perception.
These results indicate that left LOTC is critical for knowledge of tool-associated hand

actions.

3.1 Introduction

Tools physically and functionally extend our body, allowing us to achieve a wide range of
goals that would not be possible with our bodies alone. Much progress has recently been
made in understanding the neural architecture that supports complex tool use. Evidence from
multiple methods points to a left lateralized network of frontal, parietal, and occipitotemporal
brain regions involved in tool use and tool perception (for reviews, see (Johnson-Frey, 2004;
Lewis, 2006; Martin, 2007)). In the present study we used functional magnetic resonance
imaging (fMRI) and transcranial magnetic stimulation (TMS) to investigate the role of the
left occipitotemporal cortex in tool perception.

fMRI studies have provided evidence that viewing pictures of tools, relative to other object
categories such as animals or chairs, activates the left lateral occipitotemporal cortex (LOTC;
(Chao et al., 1999; Beauchamp et al., 2002; Valyear et al., 2007; Weisberg et al., 2007;
Valyear and Culham, 2010; Bracci et al., 2012); but see (Downing et al., 2006)), suggesting a
role for this region in tool action perception, for example by representing tool-specific
attributes such as characteristic tool motion patterns (Beauchamp et al., 2002). Although
patient studies have broadly supported a role for left posterior temporal cortex in conceptual
action knowledge (Tranel et al., 2003; Campanella et al., 2010; Kalenine et al., 2010), it is
not clear from these studies whether lesions to tool-selective LOTC, more anterior regions in

middle temporal gyrus (MTG), or other co-lesioned regions caused these deficits. Evidence
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for a causal role for tool-selective LOTC in tool action perception in healthy humans is
currently lacking.

Moreover, recent fMRI evidence calls for a reevaluation of the putative role of left LOTC in
tool perception by showing that tool-selective regions closely overlap with hand-selective
regions, with the strongest responses observed for hands rather than for tools (Bracci et al,,
2012). This finding raises the possibility that tool-selective fMRI activity in left LOTC may
reflect activation of hand-selective regions through epiphenomenal associations between
tools and hands. For example, viewing a tool may induce visual imagery of a hand, leading to
activation of hand-selective cortex. On this account, hand-/tool-selective left LOTC need not
be critical for understanding tool-associated actions. These considerations highlight the
importance of causal evidence for an involvement of tool-selective LOTC in tool perception.
In the present study we used fMRI and TMS to test whether left LOTC is causally and
selectively involved in discriminating tool-associated actions. Participants in both studies
discriminated the actions associated with tools. Discrimination of tool-associated location
was used as a control task. The fMRI study showed a strong and anatomically specific
increase of activity in hand- and tool-selective LOTC regions for the action relative to the
location task. Importantly, the TMS study showed that the discrimination of tool action, but
not of tool location, was impaired when TMS was applied over hand-/tool-selective left

LOTC.

3.2 Materials and Methods

3.2.1 fMRI experiment

3.2.1.1 Participants

Fourteen healthy adult volunteers (6 females; mean age: 26.8 years, age range: 20 years - 35
years) participated in the fMRI experiment. One participant was excluded because of low
accuracy in the main experiment (> 3 standard deviations below the group mean). All
participants were right-handed with normal or corrected-to-normal vision, and no history of

neurological or psychiatric disease. Participants gave written informed consent for
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participation in the study, which was approved by the human research ethics committee of

the University of Trento.

3.2.1.2 Stimuli

The stimulus set (Figure 3.1) consisted of 5 different exemplars of 12 objects. Half of the
objects are typically found in a kitchen, and the other half in a garage (or workplace). Half of
the objects are manipulated by a wrist rotation movement, and the other half by a hand-
squeeze movement.

Stimuli (400 x 400 pixels, 5 degrees) were presented centrally. Stimulus presentation was
controlled by a PC running the Psychophysics Toolbox package (Brainard, 1997) in Matlab
(Mathworks, Natick, MA, USA). Pictures were projected onto a screen and were viewed

through a mirror mounted on the head coil.
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Figure 3.1. Stimuli used in the fMRI and TMS experiments.

3.2.1.3 Task and design of main fMRI experiment

On each trial, a picture of a tool object (Figure 3.1) was presented centrally for 1200 ms,
followed by a 600 ms fixation period. Participants performed 6 runs of 120 trials each. Each
of the 12 tool objects was presented 10 times within a run, in random order. The exemplar of

the object that was presented (e.g., which of the 5 corkscrews; Figure 3.1) was randomly
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selected on each trial. Participants performed a 1-back task, detecting repetitions of either the
location (kitchen, garage) or the action (rotate, squeeze) dimension of the objects, in different
runs. The order of the tasks was counterbalanced across participants. Participants pressed a
response button with their right index finger when a task-relevant repetition occurred.
Detection performance (1-back repetition detection) was high for both tasks (action task:

mean = 97.2% correct; location task: mean = 97.9% correct; difference: t, = 2.1, P = 0.06).

3.2.1.4 Functional localizers

Twelve participants additionally participated in 3 functional localizer experiments.

3.2.1.5 Category localizer

The category localizer consisted of two runs lasting 5 min each. The experiment consisted of
four conditions: tools, animals, hands, and outdoor scenes. Stimuli (400 x 400 pixels, 12
degrees) were presented centrally and consisted of isolated objects on a white background
(see (Bracci et al., 2012) for examples). One scanning run consisted of 21 blocks of 14 s
each. Blocks 1, 6, 11, 16, and 21 were fixation-only baseline epochs. In each of the
remaining blocks, 20 different stimuli from one category were presented. These stimuli were
randomly selected from a total set of 40 stimuli per category. Each stimulus appeared for 350
ms, followed by a blank screen for 350 ms. Twice during each block, the same picture was
presented two times in succession. Participants were required to detect these repetitions and
report them with a button press (1-back task). Each participant was tested with two different
versions of the experiment that counterbalanced for the order of the blocks. In both versions,
assignment of category to block was counterbalanced, so that the mean serial position in the

scan of each condition was equated.

3.2.1.6 Object localizer

Participants performed one run of a standard object-selective cortex localizer, lasting 5 min.
Stimuli consisted of 20 intact and 20 scrambled objects, which were presented in alternating

blocks. The block structure and task were identical to the object category experiment.
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3.2.1.7 Motion localizer

To localize motion-selective cortex, visual displays of moving and stationary dot patterns
were presented either in the left visual field (LVF) or in the right visual field (RVF). In the
motion condition, dots shifted from the starting 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 localizer run lasted 8 min 48 s during which the four stimulus
conditions (static dots in the LVF, moving dots in the LVF, static dots in the RVF and
moving dots in the RVF), each lasting 16 s, were interleaved with fixation blocks (16 s).
Each stimulus condition was repeated four times in a random order within the run. Fixation
blocks also appeared at the beginning and end of each run. The fixation point alternated in
color (red, yellow green, blue) every 500 ms. To maintain attention, participants were
instructed to press a button with their right index finger whenever the central fixation point

turned red.

3.2.1.8 fMRI data acquisition

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

Structural images were acquired with an MP-RAGE sequence with 1 x 1 x 1 mm resolution.

3.2.1.9 fMRI data preprocessing
Data were analyzed using the AFNI software package (http://afni.nimh.nih.gov/) and
MATLAB (The MathWorks, Natick, MA). Functional data were slice-time corrected, motion
corrected, and low-frequency drifts were removed with a temporal high-pass filter (cutoff of
0.006 Hz). All data were spatially smoothed (4 mm Gaussian kernel) and transformed into

Talairach space, which included resampling to 3 x 3 x 3 mm voxels.
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3.2.1.10 fMRI data analysis

For each participant, general linear models were created to model the conditions in the
experiment. All trials were included in the analyses. Regressors of no interest were also
included to account for differences in the mean MR signal across scans and for head motion

within scans.

3.2.1.11 Region of interest definition

Regions of interest (ROIs) were defined based on the independent localizer experiments in
which 12 of the participants participated. Because not all participants had functional localizer
data and because not all ROIs could be defined in those participants who had, ROIs were
defined based on group-average data in random-effects analyses. These ROIs were then used
to extract data for all participants in the main experiment. All ROIs were defined at a
threshold of P < 0.005, #;; = 3.5.

The category localizer served to define our main ROIs. The contrast between tools and
animals was used to define tool-selective regions in left LOTC (LOTC-Tool; volume=729
mm3), left and right fusiform gyrus (FG-Tool; 1215 mm3 and 621 mm3), and left
intraparietal sulcus (IPS-Tool; 648 mm3). The contrast between hands and animals was used
to define hand-selective regions in left LOTC (LOTC-Hand; 1647 mm3). The conjunction of
these two contrasts (Bracci et al., 2012) was used to define a region in left LOTC selective
for both hands and tools (LOTC-HandTool; 243 mm3). The contrast between scenes and the
average of the other three categories (hands, tools, animals) was used to define the left and
right parahippocampal place area (PH-Scene; 5238 mm3 and 5589 mm3). The OSC localizer
(intact objects > scrambled objects) was used to define left and right object-selective regions
in LOTC (LOTC-Object; 5427 mm3 and 7803 mm3). Finally, the MT/MST localizer
(moving dots > static dots) was used to define left and right motion-selective regions in

LOTC (LOTC-Motion; 2079 mm3 and 2673 mm?3).
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3.2.1 TMS experiment

3.2.1.1 Participants

Nine healthy adult volunteers (five females; mean age: 25.3 years; age range: 20 years - 29
years) participated in the TMS experiment. None of these volunteers participated in the fMRI
experiment. All participants were right-handed with normal or corrected-to-normal vision,
and no history of neurological or psychiatric disease. Participants gave written informed
consent for participation in the study, which was approved by the human research ethics

committee of the University of Trento.

3.2.1.2 Stimuli

The stimuli used in the TMS experiment were the same as those used in the fMRI
experiment. Stimuli (280 x 280 pixels, 5 degrees) were presented on a 17-inch LCD monitor
(DELL 1908FP-BLK) in a dimly lit room. Stimuli were presented on a standard PC using
ASF (Schwarzbach, 2011), an add-on to the Psychophysics Toolbox package (Brainard,
1997) in Matlab (Mathworks, Natick, MA, USA). Masks (280 x 280 pixels, 5 degrees)

consisted of static noise pattern of black and gray squares (7 x 7 pixels).

3.2.1.3 Task and design of TMS experiment

Participants performed two tasks. In the action task, participants indicated with a button press
(using the index and middle finger of the right hand) whether a tool was associated with a
rotation or a squeeze movement. In the location task, participants indicated with a button
press (using the index and middle finger of the right hand) whether a tool was associated with
a garage or a kitchen location.

Participants performed a total of 6 runs; 4 runs with effective TMS and 2 runs with sham
TMS. In sham TMS runs the TMS coil was placed perpendicular to the scalp. For each
participant, the order of the 4 effective and 2 sham TMS runs was randomized, with the
constraint that the two sham TMS runs were never consecutive. The mean serial position of
the sham TMS runs was 3.7, while the mean serial position of the effective TMS runs was

3.4 (difference: t3 = -0.8, P = 0.43).
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Each run was divided into two blocks, one block in which participants performed the action
task, and one block in which they performed the location task. The order of blocks within
runs was alternated such that half the effective TMS runs and half the sham TMS runs started
with the action task. Four participants started with the location task, while five participants
started with the action task. In total each participant performed 640 trials. Each trial started
with a 1600 ms fixation cross, followed by the picture of a tool presented for 33 ms, which
was immediately followed by a mask presented for 600 ms. The next trial started either 2700

or 3000 ms after the offset of the mask (with 50% probability).

3.2.1.4 TMS methods

For correct placement of the TMS coil, structural MRI images (MP-RAGE sequence with 1 x
1 x I mm resolution) were acquired for all participants. The position of the TMS coil was co-
registered with the participant’s reconstructed head, and the location of TMS-stimulation was
marked on the reconstructed pial surface of each individual’s brain using BrainVoyager
Neuronavigator (Brain Innovation BV, The Netherlands, version 2.1) combined with a Zebris
CMS20S measuring system for real-time motion analysis (Zebris Medical GmbH, Isny,
Germany). TMS was applied over hand-/tool-selective left LOTC. For seven participants,
LOTC coordinates were the group-average Talairach coordinates (-46, -68, -2) from a
previous study that localized hand-/tool-selective LOTC (Bracci et al., 2012) contrasting
hands > chairs and tools > chairs (the mean Talairach coordinates for these contrasts were
identical). For the other two participants, LOTC was functionally localized with an fMRI
localizer experiment in which pictures of tools, hands, and chairs were presented (for
exemplars, see (Bracci et al., 2012)). Participants performed two runs, each containing six
14-second blocks per category. Left LOTC was localized by the conjunction of the contrast
hands > chairs and the contrast tools > chairs. Talairach coordinates for these participants
were: -43, -64, -1 and -46, -64, 5.

Biphasic TMS pulses were applied with a figure-of eight coil (MC-B65) and a MagPro x 100
stimulator (MagVenture A/S, Denmark). The stimulation intensity used during the
experiment was set at 120% of the individual resting motor threshold measured as the
intensity that elicited five visible hand movements out of ten stimulations. This resulted in a

TMS intensity that ranged between 42% and 60% of the maximum stimulator intensity. On
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each trial, two TMS pulses were applied with an interval of 100 ms. These pulses were
delivered, on different trials, at three different timings relative to stimulus onset: 30/130 ms,
150/250 ms, and 270/370 ms. These three timings were used for both effective and sham
TMS runs. The three TMS timings were each used on 1/3 of the trials, in random order. TMS
timing was randomly paired with specific tool pictures.

Because of the small number of sham TMS trials for each of the 3 individual timings (only 2
of the 6 runs were sham TMS runs), and because no difference would be expected between
sham stimulation at different time intervals, we collapsed data across the 3 sham timings
within each task. This was supported by the results of within-subjects 2 x 3 ANOV As on the
sham data (Table 1), with Task (action task, location task) and Timing (30/130 ms, 150/250
ms, 270/370 ms) as factors. For both accuracy and RT, this analysis showed no main effect
of Timing (Accuracy: F>16 = 1.0, P = 0.40; RT: F, 16 =0.9, P =0.41), no main effect of Task
(Accuracy: Fig=1.2, P=0.30; RT: F,3=0.0, P =0.97), and no interaction between Timing
and Task (Accuracy: F»16 = 0.6, P = 0.58; RT: F5 16 = 1.6, P =0.22). These results show that,
as would be expected, performance during sham conditions did not differ as a function of the
time at which the sham stimulation was delivered. Furthermore, the absence of significant
differences between the tasks shows that the tasks were equally difficult when no effective

TMS was applied.

3.3 Results
3.3.1 fMRI results

A total of 12 ROIs were defined based on 3 functional localizer experiments (Materials and
Methods). We tested whether activity in these ROIs differentiated between the action and
location tasks.

Our main interest was in the left LOTC. Four nearby ROIs were defined in the left LOTC:
left LOTC-Hand, left LOTC-Tool, left LOTC-Object, and left LOTC-Motion (Figure 3.2a-
d). A2 x4 ANOVA with Task and ROI as factors showed a significant interaction (F33¢ =
6.3, P = 0.002), indicating that task-related modulations differed for the ROIs. Follow-up
tests in each of the 4 ROIs showed a significantly stronger response during the action task

then the location task in LOTC-Hand (#;, = 3.0, P = 0.011, Bonferroni corrected P = 0.043)
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and LOTC-Tool (¢, = 2.3, P = 0.038, Bonferroni corrected P = 0.15), but not in LOTC-
Object (t12 = 0.6, P =0.57) or LOTC-Motion (t;, = 0.6, P = 0.58).

To test whether results differed in nearby hand- and tool-selective LOTC regions, we
compared task-related modulation in left LOTC-Hand, left LOTC-Tool, and left LOTC-
Hand/Tool (Figure 3.2¢), a region defined as the overlap between LOTC-Hand and LOTC-
Tool (Materials and Methods). A 2 x 3 ANOVA with Task and ROI as factors showed no
interaction between Task and ROI (F,24 = 1.9, P =0.18), a main effect of Task (F; 2, =9.1, P
= 0.011), and a main effect of ROI (F,24 = 12.1, P < 0.001), indicating similar functional
profiles of hand- and tool-selective LOTC regions.

To compare effects among tool-selective ROIs, we localized 3 tool-selective ROIs in
addition to left LOTC-Tool: left FG-Tool, right FG-Tool, and left IPS-Tool (Figure 3.3). A 2
x 4 ANOVA with Task and ROI as factors showed a significant interaction (F336 = 6.2, P =
0.002), indicating that the tasks modulated the ROIs to a different extent. Follow-up tests in
each ROI showed a significantly stronger response during the action task then the location
task in LOTC-Tool (#;2 = 2.3, P = 0.038, Bonferroni corrected P = 0.15), but not in left FG-
Tool (t12 = 0.2, P = 0.82) or right FG-Tool (¢;, = -0.5, P = 0.63). The left IPS-Tool showed
stronger activity during the action task than the location task (Figure 3.3d), but this difference
did not reach significance (t;» = 1.7, P = 0.12).

We tested for task effects in 4 additional control regions: right LOTC-Object, right LOTC-
Motion, left PH-Scene, and right PH-Scene (Figure 3.4). None of these regions showed a
significant difference between the two tasks (I#2l< 1.0, P > 0.34, for all ROIs).

Finally, a whole-brain random-effects group analysis (at P < 0.005, uncorrected) yielded one
cluster for the contrast action task > location task, at the location of hand- and tool-selective

LOTC (Figure 3.2f).
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Table 3.1. Sham TMS data. Accuracy and reaction time (RT) for the sham TMS conditions, separately

for each time window, are given. Standard deviations are given between brackets.

Action task

Location task

30/130 ms

Accuracy
95.24 (3.59)

94.26 (4.35)

RT
741 (133)
753 (135)

150/250 ms

Accuracy
93.37 (4.51)

92.89 (6.64)

RT
774 (127)
752 (137)

270/370 ms

Accuracy
94.61 (5.05)

91.63 (6.49)

RT
749 (123)
756 (136)

LOTC-Object b LOTC-Motion

1.2 d

1
£0.8
5]

LOTC-Hand

D06 4
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0.2
0

LOTC-HandTool 12> Action > Location
1 Action task

0.8

(0]

@ 0.6
0.4
0.2

0

Location task

' I ' By

Figure 3.2. fMRI results in functionally localized regions in left lateral occipitotemporal cortex. Bar graphs
indicate activity in the displayed ROIs during the action (blue) and location (orange) tasks of the main
experiment. a) LOTC-Object (intact > scrambled objects), b) LOTC-Motion (moving > static dots), ¢) LOTC-
Tool (tools > animals), d) LOTC-Hand (hands > animals), ¢) LOTC-Hand/Tool (tools > animals AND hands >
animals), f) the contrast action task > location task gave activity in left LOTC, overlapping with tool and hand-
selective ROIs. All brain activity maps are shown at P < 0.005, displayed on the group-average anatomical
scan, at x = -46. Blue crosshairs are added for spatial reference across panels. Error bars reflect s.e.m.
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Figure 3.3. fMRI results in tool-selective regions, localized by contrasting tools with animals. Bar graphs
indicate activity in the displayed ROIs during the action (blue) and location (orange) tasks of the main
experiment. a) Left FG-Tool (z = -18), b) Right FG-Tool (z = -18), c) left LOTC-Tool (x = -46), d) Left IPS-
Tool (z = 42). All brain activity maps are shown at P < 0.005, displayed on the group-average anatomical scan.
Error bars reflect s.e.m.
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Figure 3.4. fMRI results in additional control regions. Bar graphs indicate activity in the displayed ROIs during
the action (blue) and location (orange) tasks of the main experiment. a) Right LOTC-Object (intact > scrambled
objects, x = -49), b) Right LOTC-Motion (moving dots > static dots, x = -49), c) left PH-Scene (scenes > hands
+ tools + animals, z = -9), d) Right PH-Scene (scenes > hands + tools + animals, z = -9). All brain activity maps
are shown at P < 0.005, displayed on the group-average anatomical scan. Error bars reflect s.e.m.
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3.3.2 TMS results

TMS was applied over left hand-/tool-selective LOTC (Materials and Methods), the region
that was most strongly modulated by the action task in the fMRI experiment. Our main
analysis focused on the effect of TMS on the accuracy with which participants could
discriminate the action and location dimensions of the briefly presented tool pictures.
Accuracy was tested with a 2 x 4 within-subject ANOV A with Task (action task, location
task) and TMS (sham, 30/130 ms, 150/250 ms, 270/370 ms) as factors. This analysis revealed
a significant interaction (F324 = 5.8, P = 0.004), indicating that TMS differentially affected
the two tasks (Figure 3.5a). For the action task, the main effect of TMS was significant (F3 24
= 8.3, P = 0.0006), while for the location task it was not (F324 = 2.1, P = 0.12). Pairwise t-
tests on the action task data, comparing each of the 3 effective TMS conditions separately to
sham stimulation, revealed highly significant effects of TMS at both the 150/250 ms (#5 = -
4.8, P =0.001, Bonferroni corrected P = 0.004) and the 270/370 ms time windows (g = -3.4,
P =0.009, Bonferroni corrected P = 0.028). No significant effects of TMS were observed for
the action task at the 30/130 ms timing (s = 0.4, P = 0.69).

a b [] sham
100 1 900 1 [] 307130 ms
B 150/250 ms
— 800 1 l 270370 ms
< 90 —|—
& = 700 1
§ é 00
3 =
8 * 600 -
80
500 A
Action task Location task Action task Location task

Figure 3.5. TMS results. a) Accuracy in the action (left) and location (right) tasks, comparing sham TMS
(white bars) with effective TMS (grey bars) applied at 3 different timings relative to stimulus onset. b) Reaction
times (RT) in the action (left) and location (right) tasks, comparing sham TMS (white bars) with effective TMS
(grey bars) applied at 3 different timings relative to stimulus onset. Error bars reflect s.e.m.

Reaction time was tested with a 2 x 4 within-subject ANOVA with Task (action task,
location task) and TMS (sham, 30/130 ms, 150/250 ms, 270/370 ms) as factors. This analysis

revealed a significant interaction (F324 = 4.3, P = 0.014), indicating that TMS differentially
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affected the two tasks (Figure 3.5b). For the location task, the main effect of TMS was
significant (F324 = 4.3, P = 0.014), while for the action task it was not (F324 = 0.4, P = 0.76).
Pairwise t-tests on the location task data, comparing each of the 3 effective TMS conditions
separately to sham stimulation, revealed a significant facilitative effect of TMS for the
location task at the 30/130 ms timing (s = -2.4, P = 0.044, Bonferroni corrected P = 0.13),
with faster RTs after effective TMS relative to sham TMS (Figure 3.5b). The facilitative
effects for the location task at the 150/250 timing (#3 = -2.2, P = 0.056) and the 270/370 ms

timing (3 = -1.5, P = 0.17) did not reach significance.

3.4 Discussion

Using fMRI and TMS, we tested whether hand-/tool-selective regions in left LOTC are
involved in tool action discrimination. Results from the fMRI experiment showed that
functionally defined tool- and hand-selective LOTC regions, which partly overlapped (see
also Bracci et al.,, 2012), were more active when participants discriminated the action
associated with a tool than when they discriminated the location associated with a tool.
Because the tool pictures presented in both tasks were identical, this result provides strong
evidence that left LOTC is involved in action-related tool processing. It implies that tool
selectivity in LOTC is driven by action-related features of tools (Weisberg et al., 2007),
rather than by shape differences between tools and other objects (e.g., elongated tool shape;
(Sakuraba et al., 2012)) or by the small size of tools relative to typically used control
categories (Konkle and Oliva, 2012). Nearby object- and motion-selective LOTC regions,
although strongly responsive to the tool pictures, showed no difference between the two
tasks, indicating that the task effects in tool- and hand-selective regions did not reflect
general object processing differences between the tasks, such as differences in attention.

To test whether the left LOTC is causally involved in tool action discrimination, we used
online double-pulse TMS to disrupt activity in left hand-/tool-selective LOTC while
participants discriminated either the action or the location associated with tools. Results
showed a significant reduction (relative to sham TMS) in the accuracy of tool action
judgments when the two TMS pulses were delivered at 150/250 ms or 270/370 ms after

stimulus onset, but not when pulses were delivered at 30/130 ms after stimulus onset.
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Reaction time data showed that the TMS effects for the action task could not be explained by
a speed-accuracy tradeoff. Taken together, the present fMRI and TMS results converge to
show that hand-/tool-selective left LOTC is selectively and causally involved in tool action
discrimination.

How might left LOTC contribute to tool action discrimination? The close overlap between
hand and tool responses in left LOTC (Bracci et al., 2012) raises the interesting possibility
that the conceptual representation of tools may partly consist of the associated hand action
representation. That is, discriminating the action of a tool (e.g., knowing that a screwdriver
involves a hand rotation) may involve access to the tool-associated hand representation.
Previous TMS studies have shown that TMS over the extrastriate body area (EBA; (Downing
et al., 2001)), located about 0.5 cm posterior to hand-selective LOTC (Bracci et al., 2010;
Bracci et al., 2012), selectively impairs discrimination of bodies (Pitcher et al., 2009) and
body parts, including hands (Urgesi et al., 2004; Urgesi et al., 2007). It would be interesting
for future studies to test, using fMRI and TMS, whether hand and tool action discrimination
reflect the same underlying process in left LOTC, or whether these can be dissociated.

Our study focused on the hand-/tool-selective LOTC, functionally defined by contrasting
activity to pictures of hands and/or tools with animals or chairs (both control categories give
a similar localization of this region; (Bracci et al., 2012)), while participants performed a 1-
back repetition detection task. Previous studies that localized tool-selective LOTC have often
labeled this region pMTG. However, in our experience it is typically located just inferior and
posterior to the MTG. It is possible that the location depends on the particular task used for
localization, with more semantic tasks (e.g., learning facts about tools; (Simmons et al.,
2010; Simmons and Martin, 2012)) shifting activity superiorly and anteriorly. Indeed, the
MTG has been implicated in a variety of semantic tasks, including semantic control and
conceptual processing (Whitney et al., 2011; Wei et al., 2012), verb processing (Perani et al.,
1999; Shapiro et al., 2006; Willms et al.,, 2011; Peelen et al., 2012), action knowledge
(Martin et al., 1995; Kable et al., 2005b), and access to functional object properties (Bach et
al., 2010). It is presently unclear how these regions correspond to the hand-/tool-selective
region investigated here. Recent studies have started to dissociate nearby verb-selective,

action-selective, body-selective, motion-selective, and object-selective regions in posterior
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temporal cortex (Downing et al., 2007; Bedny et al., 2008; Valyear and Culham, 2010;
Peelen et al., 2012), but further research is necessary to investigate how hand-/tool-selective
LOTC relates to more anterior parts of MTG implicated in other studies.

The present results showed that TMS disrupted tool action discrimination when TMS was
applied at 150/250 or 270/370 ms after stimulus onset. The relatively late time window that
resulted in task-specific impairment may suggest that the LOTC elaborates tool actions in
concert with downstream regions such as the left dorsal premotor cortex and left IPS, to
which it is functionally connected (Bracci et al., 2012). In the present study, tool-selective
left IPS showed higher activity during the action task than the location task (Figure 3.3d), but
this difference did not reach significance. A previous fMRI study that used a similar
manipulation as the present study -- contrasting action knowledge with function knowledge
of tools -- reported significant modulation in left dorsal premotor cortex and left IPS, but not
in left LOTC (Canessa et al., 2008). Several differences may account for this discrepancy.
Specifically, in the action knowledge task of the Canessa et al. study, participants were asked
whether two objects (presented simultaneously for 4 seconds) were used with the same
manipulation pattern (e.g., vacuum cleaner and metal detector), while in the present study
participants made a hand rotate vs hand squeeze discrimination on a single object presented
for 1.2 seconds. The strong focus on the specific hand action associated with the tool in our
study (rotate vs squeeze) may have amplified responses in hand-/tool-selective left LOTC.

A recent study (Peelen and Caramazza, in press), found that multivoxel activity patterns in
the anterior temporal lobes (ATLs) carry information about object-associated action (rotate
versus squeeze); activity patterns were relatively similar for objects that are both associated
with a rotation action (e.g., a corkscrew and a screwdriver). Because information was
computed at the level of action category (rotate versus squeeze), these results likely reflected
representations that generalize across specific visuomotor features. For example, while both a
screwdriver and a corkscrew involve a wrist rotation movement, their specific motor patterns
and hand postures are quite distinct and determined by the specific visual form of the objects
in question. The present study, showing that the left LOTC is causally involved in tool action
discrimination, complements these results: rather than housing generalized category-level

representations of tool actions, LOTC may represent more specific visuomotor features
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associated with individual tools. Access to such representations is required for performing
higher-order categorization, and thus for performing the current action task. More generally,
the two sets of results suggest that the functional roles of LOTC and ATL are related
hierarchically, with LOTC reflecting an earlier, less abstract and less general level of
representation than the ATL.

To conclude, the present study provides converging evidence from TMS and fMRI that the
left LOTC 1is causally and selectively involved in the discrimination of hand actions

associated with visually presented tools.
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4. Connection between parietal cortex and ILOTC:
rTMS interleaved with fMRI
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Abstract

Results from our previous study support the idea that left LOTC is not simply elaborating
visual properties of the object, but is already involved in processing action-related features of
tools, suggesting that this area may already be part of an action processing network together
with parietal and premotor cortex. One possibility is that selectivity for action-related
properties of tools in ILOTC arises from back projections coming from higher areas like the
intraparietal sulcus. In order to test if and how ILOTC and parietal cortex are connected
during tool perception, we interleaved repetitive TMS with fMRI while participants viewed
pictures of tools, hands and chairs. In the first experiment we applied TMS over left IPS, and
subsequently measured BOLD responses in several regions of interest including ILOTC. In a
second experiment the target area for TMS was ILOTC. Results from the first experiment
showed that BOLD activity in lIPS was effectively decreased after TMS, confirming that the
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rTMS-fMRI procedure was effective. A significant decrease was also present in left dorsal
premotor cortex and in right IPS. By contrast, there was no significant TMS effect in ILOTC,
suggesting that back projections from IPS to ILOTC do not have a major influence on its
response profile. Finally, rTMS over ILOTC did not lead to any significant TMS effect, not
even in the stimulated region, suggesting that the TMS effect was too weak or that more

participants are needed to test its effect.

4.1 Introduction

Both neuropsychological and functional neuroimaging studies support the involvement of a
temporo-parietal network during tool use and perception (Lewis, 2006). The exact locations
of the areas composing this tool network slightly vary according to the type of sensory
modality of presentation of tools, and on the task performed by the participants. While in the
past, especially neuropsychological studies, focused more on the role of higher areas in tool
processing, more recently imaging studies have proposed that tool use knowledge is spread in
the network, focusing more also on temporal and occipitals areas (Chao et al., 1999; Phillips
et al., 2002; Kellenbach et al., 2003; Creem-Regehr and Lee, 2005). Indeed, different tool
dimensions are elaborated in separated regions in the brain, with evidence for example that
temporal, compared to parietal cortex, is more involved in representing functional knowledge
of objects (Canessa et al 2008). In addition, our previous study in chapter 3 clearly showed
that left LOTC is not a simple visual area, as it is already implicated in processing specific
types of information regarding action associated with tools, compared to other properties not
related with action like contextual information (Perini et al, submitted). However, our
previous data do not address the possibility that processing of action properties in ILOTC
takes place as a consequence of back projections from higher areas, like parietal cortex. This
is why it is also important to investigate how 1LOTC is connected with the downstream
fronto-parietal network, and in particular with those areas that are also activated by simple
passive perception of tools, i.e. left parietal sulcus, dorsal premotor cortex and fusiform tool
area. Visual information proceed from occipital towards temporal and parietal cortex, so it
seems quite obvious that ILOTC sends information about tools to higher areas, mainly to

parietal cortex. For example, it could be that at first ILOTC is not processing selectively the
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different properties about tools, but does it only after sending visual information to parietal
and premotor cortex, and then receiving back projections from these areas that are stronger
for action related properties, and hence for tools as well as hands. This could partially explain
why in the previous study we found that TMS disrupts the action task only at the latest tested
timings (150-370 ms after stimulus onset). In contrast, if ILOTC is actively involved in
processing action features of tools from the beginning, then it does not necessarily need to
send information to higher areas nor receiving back projections during tool perception.
Furthermore, since even passive viewing of tools is able to activate the tool network until
premotor cortex (Bracci et al, 2010; 2012), connections between occipitotemporal and
parietal areas should be present also when there is no overt task on tool properties.

Thus, in order to investigate functional connectivity between ILOTC and IIPS during tool
perception, we conducted two experiments combining TMS and fMRI. In the first
experiment, we applied repetitive TMS over 1IPS in order to interfere with neuronal activity
in the stimulated region and the connected ones. Directly following TMS, we measured
BOLD responses while participants viewed static pictures of tools, hands and chairs. If 1IPS
was automatically sending projections towards ILOTC, then activity in this area should be
affected by TMS, as well as other connected regions to which IPS is sending projections, but
not regions that don’t receive feedback from IPS. By contrast, when stimulating with TMS
over ILOTC, we expect to find a change also on IPS. Moreover, if connections between IPS
and LOTC are specific for action-related properties also when we are not actively involved in
processing tool use and tool-hand interaction, BOLD modulation due to TMS between these

two regions should be selective for tools and hands, but not for chairs.

4.2 Methods

4.2.1 Participants

Twenty-one healthy volunteers (mean age 27.2 years, range 20-53, 13 females) participated
in the first experiment. Eleven volunteers (mean age 25.1, range 19-36 years, 6 females)
participated in the second experiment, four of whom also participated in the first experiment.
All the participants of the first experiment and six participants of the second experiment were

scanned at Center for Mind/Brain Sciences, University of Trento, Italy, while five
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participants in the second experiment were scanned at the Centre for Cognitive
Neuroscience, University of Bangor, UK. Informed written consent according to the
Declaration of Helsinki was obtained from each participant prior to the experiment. The
study was approved by the local ethics committee of the University of Trento and by the

ethics committee of the University of Bangor.

4.2.2 Stimuli

Functional runs in both first and second sessions were the same and lasted 7.4 minutes each.
The design included three categories: tools, hands and chairs. Stimuli were presented
centrally, had a size of 12° x 12° (400 x 400 pixels), and consisted of isolated objects on a
gray background (see Figure 4.1 for examples). One scanning run consisted of 18 blocks of
14 s each, interleaved by 10 seconds of fixation cross only. In each run there were 6 blocks
per category, including 20 different stimuli each.

These stimuli were randomly selected from a total set of 60 stimuli per category. Each
stimulus appeared for 350 ms, followed by a blank screen for 350 ms. Three times during
each block, the same picture was presented twice in succession. Participants were required to
detect these repetitions and report them with a button press (1-back task). Each participant
was tested with two different versions of the experiment that counterbalanced for the order of
the blocks. Each version was used twice, once in a sham run and once in a TMS run.
Assignment of category to block was counterbalanced, so that the mean serial position in the

scan of each condition was equated.

4.2.3 Experimental Protocol

The experiment consisted of two different sessions. In the first session, all participants
underwent structural MRI acquisition plus two functional runs to be used for functional
neuronavigation. The second session was divided into three different parts. In the first part
participants were tested for individual dosing of TMS by assessment of the static resting
motor threshold (rMT) by visual inspection. Third, the actual experimental session was
performed, in which participants were targeted with 1-Hz rTMS for 13 minutes and

immediately after were scanned with MRI while performing the 1-back task. Four blocks of
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rTMS + fMRI were conducted for each participant. Site of stimulation was the same in all
runs, but in two runs TMS intensity was only at 40% of the individual motor threshold, such
that it is considered not to be effective on cortex, and was then regarded as sham condition.
In contrast, in the other two runs TMS intensity was at 98% of rMT and is referred to as

effective stimulation. The order of sham and effective TMS runs were always interleaved.

a)
A 350 ms
350 ms
+
Time
b)
K_Y_J

14 seconds 10 seconds

Figure 4.1. Procedure task. Both in the localizer and in the second sessions of both experiments, the task
consisted of a 7.4 minute run during which participants had to make a key press only when the same picture was
repeated twice in sequence (1-back task). Three different categories were presented divided in blocks: tools,
hands and chairs. There were six blocks per category, each lasting 14 seconds and containing 20 pictures.
Pictures were presented for 350 ms and interleaved by a 350 ms of fixation, while blocks were interleaved by 10
seconds of fixation.

4.2.4 fMRI data acquisition

For the structural and functional MRI data collected at the Center for Mind/Brain Sciences,
University of Trento, all images were acquired on a Bruker BioSpin MedSpec 4-T scanner
(Bruker BioSpin GmbH, Rheinstetten, Germany) with an 8-channel array head coil. A high-
resolution T1-weighted magnetization-prepared rapid gradient echo sequence (176 axial
slices, in-plane resolution 256 3 224, 1-mm isotropic voxels, generalized autocalibrating
partially parallel acquisition with acceleration factor = 2, time repetition = 2,200 ms, time

echo = 4.180 ms, time to inversion = 1,020 ms, flip angle = 7°). Functional images were
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acquired using echo planar (EPI) T2*-weighted scans. Acquisition parameters were:
repetition time (TR) of 2 s, an echo time (TE) of 33 ms, a flip angle (FA) of 73°, a field of
view (FoV) of 192 mm, and a matrix size of 64 x 64. Each functional acquisition consisted of
34 axial slices (which covered the whole cerebral cortex) with a thickness of 3 mm and gap
of 33% (1 mm).

For the functional MRI data collected at the University of Bangor, data were acquired
using a 3T Philips MRI scanner with a SENSE phased-array head coil. Acquisition
parameters for functional MRI were the same as data collected in Trento, with the only
difference that the number of axial slices was 31, which still had a good coverage of the
whole cerebral cortex. Parameters for T1-weighted anatomical scans were: 175 sagitally-
oriented slices; 1 mm isotropic voxels; TR=8.4 ms, TE= 3.8 ms; flip angle = 8°.

For the neuronavigation, a 3D reconstruction of the scalp and brain surfaces was produced
using the BrainVoyager software (Brain Innovation BV, The Netherlands) and the target
locations of IPS and LOTC on the left hemisphere were identified individually on the basis

of the functional runs collected in the first session.

4.2.5 fMRI data preprocessing

For both studies, data preprocessing and analysis were performed with Brain Voyager QX
(version 2.20; Brain Innovation, Maastricht, The Netherlands). Three-dimensional motion
correction was performed to correct for subject’s head motion. After linear trend removal,
functional data underwent high-pass temporal filtering (cutoff 3 cycles per time course).
Functional volumes were spatially smoothed (4-mm full-width half-maximum isotropic
Gaussian kernel). Manual coregistration was performed to align the functional images with
the T1 anatomical images. Subsequently the anatomical images were transformed into
Talairach stereotaxic space, and this transformation was applied to the aligned functional

data, which was interpolated to 1 x 1 x 1 mm.

4.2.6 fMRI data analysis

For both studies, data were analyzed with the general linear model. Each GLM included the

conditions of interest, as well as the six parameters from the motion correction procedure (x,
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y, z for translation and for rotation). Predictors’ time courses were modeled with a linear
model of hemodynamic response using the default Brain Voyager QX “two-gamma”

function. Before computing the GLM, functional runs were z-normalized.

TMS over IPS TMS over LOTC

X y z mm3 X ¥y z mm3
left IPS -34 -44 44 826 -36 -45 45 718
left dPM -37 -16 43 675 -42 -9 39 546
right IPS 25 -44 45 766 32 -42 46 721
left LOTC -46 -63 1 910 -47 -64 -1 896
left LOTC-Tool -47 -65 -1 931 -46 -64 -2 918
left LOTC-Hand -42 -63 4 959 -45 -63 0 869
right LOTC 45 -60 1 704 41 -60 -3 740
left FG-Chair -25 -44 -6 714 -28 -46 -9 662
left FG-Tool -34 -45 -16 640 -41 -43 -17 536

Table 4.1. Talairach coordinates for ROIs in study 1. Mean Talairach coordinates and cluster size are
reported for individual-subject regions of interest (ROIs) localized with the comparison of tools > chairs
(LOTC-Tool / FG-Tool); hands > chairs (LOTC-Hand) and the conjunction of these two contrasts for all the
other ROIs (IPS, dPM, left and right LOTC, FG-Chair). Threshold p < 0.05, uncorrected. IPS: interparietal
sulcus; LOTC: lateral occipitotemporal cortex; dPM: dorsal premotor cortex; FG: fusiform gyrus.

4.2.7 Regions of interest definition

The two runs from the first session were used in order to localize the two target ROIs for
neuronavigation, i.e. left IPS in the first experiment and left LOTC in the second experiment.
These ROIs were found with the conjunction of the contrast tools versus chairs and hands
versus chairs (Bracci et al., 2012). In the first experiment, the mean average of the Talairach
coordinates for left IPS to be targeted with TMS localized with the two runs in the first
session was -33, -42, 42. In the second experiment the target area left LOTC had mean
Talairach coordinates of -45, -64, -2. In contrast, regions of interest (ROIs) for further
analysis were defined based on all four runs of the second sessions, because for some
subjects it was not possible to correctly localize some of the ROIs using solely the two runs
of the first session, in particular left dorsal premotor cortex and the tool fusiform gyrus. All
ROIs were individually defined at a threshold of P < 0.05. The contrast between tools and

chairs was used to define tool-selective regions in left LOTC (LOTC-Tool) and left tool
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fusiform gyrus (FG-Tool). The contrast between hands and chairs was used to define hand-
selective regions in left LOTC (LOTC-Hand). The conjunction of these two contrasts (Bracci
et al., 2012) was used to define left and right intraparietal sulcus (IPS), left dorsal premotor
cortex (1dPM), left and right ILOTC, and left fusiform gyrus for chairs (FG-Chair) using the

opposite contrasts where activity for chairs was higher for tools and hands.
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Figure 4.2. Repetitive TMS combined with fMRI. In both experiments we applied repetitive TMS at low
frequency at 1 Hz over the target areas for 13 minutes, for a total of 780 pulses, while the participant was laying
down on a gurney. Since TMS effect is supposed to last maximally as long as the stimulation, the gurney with
the participant was taken as fast as possible inside the scanner, and then we started the functional scan for 7.4
minutes. Considering that the time between the end of effective stimulation and beginning of the functional run
was on average 4.01 minutes in the first study and 4.16 in the second study, we were still inside the period of
efficacy for the TMS effect.

4.2.8 TMS methods

In Italy, Biphasic TMS pulses were applied using a figure-of-eight coil (MC-B70
MagVenture A/S, Denmark) and a MagPro 3100 stimulator (MagVenture A/S, Denmark).
For participants tested in the UK we used a MagStim Super Rapid (Magstim Whitland UK)
with a 70-mm figure-eight coil. Right before the experiment, the individual resting Motor
Threshold (rMT) was defined as the lowest stimulation intensity applied over the primary
motor cortex capable of evoking a visible contraction in the relaxed right fingers in at least
five out of ten consecutive stimuli. The stimulation intensity for the experiment was set to 98
% of the individual rMT (which on average corresponded to 50.7% of maximum stimulator
intensity in the first experiment, and to 56.3% in the second experiment) in the two effective
stimulation blocks and to 40 % of the rMT in the other two sham stimulation blocks. Such
intensity has not been investigated in literature with 1-Hz stimuli but a review of previous

works shows that the effects of 1-Hz rTMS on the motor cortex tend to disappear at intensity
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approaching 80 % of tMT (Fitzgerald et al. 2006), so we used the two blocks at 40% as a
sham condition.

During the actual experimental session, a single block of 13 min of rTMS was delivered in
both effective and sham conditions prior to the functional run in the scanner for a total of 780
pulses per run. Effective and sham blocks were always interleaved. In the first experiment
half of the participants started with a sham block, and the other half with an effective
stimulation block. In the second experiment five subjects started with sham condition, and
six with TMS condition. During rTMS, subjects were placed on a gurney in a room
neighboring the MRI scanner. At the end of the rTMS train, the subject was moved as fast as
possible in the MR scanner. In the first experiment with TMS over IPS, mean duration of the
gap between the end of stimulation and start of the functional runs was 4.03 minutes in TMS
condition, and 4.01 minutes in sham condition. In the second experiment, gap duration in

TMS condition was 4.16 and in sham condition was 4.20.

4.5 Results
4.5.1 rTMS over left IPS

4.5.1.1 Behavioral results

We analyzed accuracy and reaction times in the 1-back task for the three different categories,
tools, hands and chairs, and the two TMS conditions, effective and sham. A two ways
ANOVA on reaction times showed that there was no general TMS effect (F 19 = 1.271, P =
0.27), while reaction times depended on the type of category (F233 = 9.537, P < 0.0001).
There was no different TMS effect on the different categories (F»33 = 0.748, P = 0.48). A
post hoc T-test showed that the 1-back task for hands yielded slower responses both
compared to tools (t =-3.797, P = 0.001) and to chairs (1 = 2.637, P = 0.016), with responses
for tools faster also compared to chairs (¢ = -2.170, P = 0.043). Two ways ANOVA on
accuracy confirmed the trend of reaction times, with no general TMS effect (¥ 19 = 0.430, P
= 0.52) nor an interaction with the type of category (F»33 = 0.420, P = 0.66), but there was a

significant difference for the various categories (/>33 = 14.885, P < 0.001).
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Accuracy for detection of hand repetition dropped in comparisons to tools (¢19 = 4.466, P <
0.001) and chairs (9 = -4.246, P < 0.001), but there was no difference between tools and
chairs (¢19 = 1.021, P = 0.320).
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Figure 4.3. Behavioral results study rTMS over IPS. Mean performance from twenty participants in the one
back task for the three different categories: tools, hands and chairs. White bars represent performance in sham
condition, and gray bars depict performance after effective TMS stimulation. a) Reaction times. TMS had no
effect on performance for any category, but performance depended on the category, with detection for tool
repetitions leading to faster responses and detection of hand repetitions leading to slower responses. b)
Accuracy. Accuracy analysis confirms RTs trend, with no TMS effect but showing that hand category was
more difficult with the lowest accuracy level compared to both tools and chairs. ** P < 0.01; * P < 0.05. Error
bars are 1-standard error from the mean.

4.5.1.2 fMRI results

In order to test if TMS had a different effect according to the category and to the cortical
area, we applied a 3 ways repeated measures ANOVA on the beta values resulting from the
different TMS and sham runs for all the nine regions of interest defined as described above
(see table 4.1). The main effect of category was significant (F»33 = 75.875, P < 0.001), and
also general responses depended on the ROIs, (Fs 152 = 13.850, P < 0.001). There was a main
effect of TMS (F1.19=5.101, P = 0.036), but a significant interaction showed that this TMS
effect depended on ROI (Fg 50 =2.193, P = 0.031). There was no interaction between TMS
and type of category (F»33 = 0.988, P = 0.382). A significant interaction between ROIs and
category simply confirmed that we localized the ROIs contrasting the different categories
(F16304 = 53.535, P < 0.001). There was no significant three ways interaction between ROIs,
category and TMS (Fi6304 = 0.480, P = 0.956). In order to test in which areas the TMS
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stimulation was efficient and if in some ROIs this was dependent on the category, we
conducted a 2 ways ANOVA on beta values with TMS and category as factors for each ROI
separately. In all the ROIs considered, beta values obviously depended on the category (all P
values < 0.001). TMS effect on the stimulated left IPS was significant (F 9 = 7.165, P =
0.015), confirming that we were effectively stimulating the target area (Figure 4.4).
However, this decrease in activity in IPS did not depend on category (F>3s3 = 1.212, P =
0.31). We found a decrease of BOLD also in left dorsal premotor cortex (Fi 9= 7.647, P =
0.012), and in the right IPS (F}19=6.697, P = 0.018), but again no interaction with category
in 1dPM (F>33 = 0.081, P = 0.92) nor in left IPS (F»33 = 0.966, P = 0.39). No general TMS
effect was found in ILOTC irrespective of how it was localized: in the ILOTC-tool (Fi 19 =
1.937, P = 0.18), ILOTC-hand (F; 19 = 0.953, P = 0.34) or ILOTC with tools and hands in
conjunction (F; 9= 1.302, P =0.27).
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Figure 4.4. TMS effect in ROIs in study rTMS over IPS. Each bar represent the mean difference of beta
weights in sham condition minus TMS condition, collapsed for all categories. TMS significantly suppressed
activity in the stimulated IPS, in left dorsal PM and in right IPS, but not in the other ROIs. IPS: intraparietal
sulcus; LOTC: lateral occipitotemporal cortex; dPM: dorsal premotor cortex; FG: fusiform gyrus. * P < 0.05.
Error bars reflect standard error of the mean.

However, analysis of TMS effect size showed a trend for a decrease of BOLD, especially in
ILOTC tool (1.4), while effect size was smaller for ILOTC localized as conjunction (1.1) for
ILOTC hands (0.9). There was no difference between TMS and sham condition for the other
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ROIs: left FG-Tool (Fi,19=0.084, P =0.78), left FG-Chair (F,19=0.106, P = 0.785), or right
LOTC (F1,19=0.953, P =0.341).
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Figure 4.5. ROIs beta weights in study rTMS over IPS. Each panel presents the beta weights for each ROI
defined in table 4.1 for the three categories tools, hands and chairs. White bars depict sham condition, while
gray bars represent TMS condition. IPS: intraparietal sulcus; LOTC: lateral occipitotemporal cortex; dPM:
dorsal premotor cortex; FG: fusiform gyrus. Error bars reflect standard error of the mean.

4.5.2 rTMS over left LOTC

4.5.2.1 Behavioral results

Behavioral results in the second experiment confirmed the trend seen in the first study, with
task on hands more difficult than for the other two categories. A 2 x 3 two ways repeated
measures ANOVA on reaction times showed that there was no general TMS effect (F 19 =
1.896, P = 0.199), while reaction times depended on the type of category (F220 = 6.555, P =
0.006). There was no different TMS effect for the different categories (F20 = 0.688, P =
0.51). A post hoc T-test showed that the 1-back task for hands yielded slower responses
compared to tools (t;p = -3.909, P = 0.003), but not compared to chairs (t;p = 1.669, P =
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0.13). There was no difference between tools and chairs (90 = -1.828, P = 0.098). Two ways
repeated measures ANOVA on accuracy confirmed that there was no main effect of TMS
(F1.10=0.040, P = 0.85) nor an interaction with the type of category (F220 = 0.785, P = 0.47).
There was neither a significant difference for the various categories (Faz0 = 2.931, P =
0.077). Accuracy for detection of hand repetition dropped in comparisons to chairs (to = -
2.306, P = 0.044), whereas there was no difference with tools (f;p = 2.144, P = 0.058), nor
between tools and chairs (¢10 = -0.387, p = 0.71).
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Figure 4.6. Behavioral results study rTMS over LOTC. Mean performance from eleven participants in the
one back task for the three different categories: tools, hands and chairs. White bars represent performance in
sham condition, and gray bars depict performance after effective TMS stimulation. a) Reaction times. TMS
had no effect on performance for any category, but performance depended on the category, with detection of
tool repetitions leading to faster responses compared then hands, while there was no difference with chairs, nor
between hands and chairs. b) Accuracy. Accuracy analysis confirms RTs trend, with no general TMS effect
but showing that hand category was more difficult with the lowest accuracy level compared to both tools and
chairs. ** p < 0.01; * p < 0.05. Error bars reflect standard error of the mean.

4.5.2.2 fMRI results

In order to test if TMS had a different effect according to the category and to the cortical
area, we applied a 3 ways repeated measures ANOVA to the beta values resulting from the
different TMS and sham runs for all the nine regions of interest defined as described above
(see table 4.1), in the same way as we did for the previous experiment. The main effect of
category was significant (F220 = 35.197, P < 0.001), and general responses also depended on

the ROIs, (Fsgo = 7.005, P < 0.001). There was no main effect of TMS (Fj10 = 1.954, P =
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0.19), nor an interaction between TMS effect and ROI (Fggo = 0.995, P = 0.446). The
interaction between TMS and type of category was not significant (F220 = 0.982, P = 0.392).
The interaction between ROIs and category confirmed again that we localized the ROIs
contrasting the different categories (Fi6,160 = 36.774, P < 0.001). There was no significant
three ways interaction between ROIs, category and TMS (Fi6,160 = 0.782, P = 0.704).
Separate two ways repeated measures ANOVA for each individual region showed main
effects of category (P < 0.001, for all ROIs), but in none of the ROIs it showed a significant
main effect of TMS (P > 0.065, for all ROIs), nor an interaction between TMS and category
(P > 0.09, for all ROIs).

4.5.3. Discussion

In the first experiment, the fact that in the targeted left IPS BOLD activity decreased after
effective TMS compared to sham condition, confirmed that we were effectively suppressing
this area and hence that the rTMS-fMRI procedure worked. This is interesting also because
several studies using a similar approach actually did not find a significant TMS effect on the
stimulated region, but only in the connected ones, while others found a decrease of BOLD
(Nowak Da and et al., 2008; Ward et al., 2010) and some also an increase (Bohning et al.,
1999; Chouinard et al., 2003) depending on the task.

Furthermore, we found that also left dorsal premotor cortex showed a decrease of BOLD
after TMS, indicating a connection between IPS and dorsal premotor cortex. Other rTMS-
fMRI studies investigated connections to left dorsal PM, and also found that PM sends
projections back to parietal cortex (Bestmann et al., 2005; Bestmann et al., 2008). So our data
also confirm the opposite flow of information from IPS to PM. Because of the vicinity of PM
to IPS, one could argue that the decrease of BOLD in PM was due to direct TMS stimulation
and not to its connection to IPS. However, we have to note that on average there were 2.8 cm
distance between these two areas, and considering that the induced electric field decreases
very rapidly with the distance from the TMS coil, it is very unlikely that BOLD modulation
in PM was due to direct stimulation. Moreover, also right IPS, which is further away from
left IPS, showed a significant decrease of BOLD after TMS. Connections between left and
right parietal cortex have been extensively investigated during visuospatial attention, and
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they are usually proposed to be in competition (Kinsbourne, 1977, 1993), with one side
controlling attention preferentially in the contralateral visual field (Bisiach et al., 1986;
Karnath et al., 2002; Driver et al., 2004). However, in our task the attentional load was
relatively low and was balanced for the two hemispheres, as the pictures were presented
centrally on the screen, such that we did not put the two hemispheres in competition. The fact
that TMS over left IPS showed a decrease in right IPS here indicates that the two areas are
connected and that TMS is strong enough to transfer its effect to the opposite hemisphere.
Interestingly, we did not find a significant TMS effect in ILOTC. The absence of a TMS
effect did not seem to depend on how ILOTC was localized, although there was a trend for a
decrease of BOLD, especially in the ILOTC-tools (Figure 4.4).

Additionally, TMS effects were not selective for particular categories: in those areas where
TMS was effective, 1IPS, IdPM and rIPS, TMS decreased activity for both the two preferred
categories of these areas, tools and hands, as well as for the control category, chairs.
However, in figure 4.5, by visual exploration we can see that TMS effect was somewhat
larger for tools compared to the other two categories, although there was no significant TMS
by category interaction.

Results from the second experiment did not show any interesting significant TMS effect, but
the fact that we did not find an effect in the stimulated ILOTC would suggest that we did not
have enough power, and we would probably need to test more participants. In fact, in the first
study we tested 20 participants, while in the second study we had only 11 participants, due to
technical problems and time limits. Moreover, five participants of the second study were
tested in a different laboratory, where due to technical reasons the gap between the end of
stimulation and the beginning of the functional run was longer (4.39 minutes) compared to
the six participants tested in Italy (4.04 minutes). Since we don’t know exactly how long
TMS effects last, but we know that it decreases consistently in time, it is possible that we lost
some power also for the long interval. Additional participants are needed in order to draw

final conclusion of this second study.
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Figure 4.7. Overview rTMS over IPS. Figure represents a schematic summary of the main finding when
stimulating over left IPS. Black circles stand for different ROIs. For visual purposes only, ILOTC localized in
the three different ways are collapsed together. Minus sign inside a circle means that there was a decrease of
BOLD after TMS in that ROI. Bold arrows mean that there was a significant connection between IPS and IdPM
and rIPS, while dotted arrow toward ILOTC means that there was a trend but connection from IPS was not
strong to reach significance.

To conclude, our results proves the existence of a feed forward flow of information from left
IPS to left dPM, as well as inter hemispheric connection from left IPS to right IPS, but no
evidence of a back propagation flow to ILOTC. This would suggest that connections from
IPS to ILOTC are not automatic, although both areas are strongly activated by the simple
presentation of static pictures of tools. This lack of back projections would support the
hypothesis that the selectivity in ILOTC for processing tools, and in particular specific
properties related to tool action, is not due to modulation coming from IIPS. This finding
would integrate results coming from our previous study, where we showed the selective and
causal role of ILOTC in processing action related features. Future research should investigate
whether a different type of task that involves a more complex elaboration about tools, like
discrimination of movement needed to use the tool versus contextual information (see

chapter 3), would increase the connection between IPS and ILOTC.
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5. General discussion and conclusion

5.1 Summary of principal findings

Tool use is essential in our daily life, such that our brain is organized with a specific network
for it, lateralized in the left hemisphere and spreading from occipital up to frontal cortex
(Johnson-Frey et al., 2005). Tools evoke such an automatic affordance that also passive
viewing of static pictures of tools activate areas in this left network, namely lateral
occipitotemporal cortex, interparietal sulcus and dorsal premotor cortex (Chao et al., 1999;
Chao and Martin, 2000; Lewis, 2006; Bracci et al., 2012). While more is known about the
involvement of parietal and frontal areas, the role of ILOTC in tool knowledge is unclear.
Thus, the aim of this thesis was to investigate the neuronal mechanism of tool perception,
with a focus on left LOTC, making use of the capacity of TMS to test the causal involvement
of a specific area and its connection with other areas. Moreover, we also made use of the
ability of fMRI to measure functional activation of an area in different experimental
conditions. We conducted three different studies. The first study aimed to investigate how
TMS affects neuronal activity, in particular why we can get different performance
modulation according to the brain state at the time of the stimulation. The second study was
composed of an fMRI experiment and a separate TMS experiment, both testing the role of
ILOTC is processing different properties of tools. Finally, the scope of the third study was to
investigate connections between left IPS and ILOTC during tool perception, interleaving

TMS and fMRI.
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In the first experimental chapter we assessed the effect of TMS on the behavioral
psychometric response function with and without prior contrast adaptation. Without TMS,
we replicated the finding that contrast adaptation leads to a decrease of contrast sensitivity
(Ohzawa et al., 1982; Bonds, 1991; Pestilli et al., 2007). With TMS we found clear evidence
for state dependency: TMS decreased performance when there was no adaptation, but after
adaptation TMS increased accuracy. In addition, TMS affected only the thresholds of the
psychometric functions, leaving asymptotes unchanged, suggesting that TMS acts at the
input level of neuronal processing, i.e. at the synaptic level, via an input-gain mechanism
(Naka and Rushton, 1966). These results cannot be accounted for by any of the current
hypotheses underlying TMS effects (Walsh and Rushworth, 1999; Silvanto and Pascual-
Leone, 2008; Ruzzoli et al., 2010; Schwarzkopf et al., 2011). In contrast, our results were
better explained by our proposed model that TMS suppresses primarily the dominant
neuronal population, depending on the neuronal state at the time of stimulation, leading to a
facilitation of performance (when inhibitory neurons are more active, i.e. after adaptation) or
an impairment (when excitatory neurons are more active, i.e. without adaptation).

In the second experiment, we tested whether LOTC is causally and selectively involved in
tool action discrimination. Results from the fMRI experiment showed that functionally
defined tool and hand selective LOTC regions, which partially overlapped (see also Bracci et
al., 2012), were more active when participants discriminated the action associated with a tool
than when they discriminated the location of the tool. Moreover, a separate TMS experiment
showed that TMS over ILOTC impaired performance when participants were engaged in
processing action related properties of the tool, while accuracy did not change during
discrimination of the usual location of the tool. In addition, TMS in action task was effective
only when applied at the later timings (150/250-270/370 ms after target onset) but not at the
earliest timing (30/130 ms). These findings confirmed the causal role of ILOTC in processing
action-related properties of tools.

In the third study, we applied repetitive TMS over left IPS and then measured BOLD
response while participants were viewing pictures of tools, hand and chairs. Results showed
that BOLD responses in the stimulated IPS decreased after effective TMS compared to sham

condition. TMS decreased BOLD responses also in left dorsal premotor cortex and right IPS,
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suggesting that these two areas received projections from left IPS. By contrast, we did not
find a significant change in BOLD responses after TMS over left LOTC, although there was
a trend for a decrease, suggesting that TMS effect over ILOTC was two weak and we should

test additional participants.

5.2 Methodological implication
5.2.1 State-dependent TMS

The first study of the thesis aimed to better understand how TMS interferes with neuronal
activity. As reviewed in chapter 2, there are several models that tried to explain how TMS
interacts with neurons, as this is still unclear. Therefore, it is extremely important when we
have to interpret results of a TMS experiment, and even more cautiously when we combine
TMS with fMRI, to take into account what we know and what we still don’t know about
TMS effects. Indeed, our study on state-dependent TMS showed that none of the proposed
models about TMS mechanisms could fully explain our data, while our proposed new model
could better fit the data. However, only recently it has been shown that TMS effects also
depend on TMS intensity (Schwarzkopf et al., 2011), and our suggested model should also be
tested using differing TMS intensities. This noticeably shows that we are still away from
deeply understanding the interaction between TMS and neuronal activity and we need further
investigation, while it posits more attention to the fact that TMS effects can vary radically
depending on the state at which cortex is at the time of simulation.

Based on our proposed model, TMS seems to suppress the most active neurons, with a
consequent benefit for the less active neurons. Thus, we can try to understand under this
account our findings from the second experiment. Here we stimulated with single pulse over
ILOTC while participants were involved in two different tasks about tools: categorizing
between type of movements or between different context of the tool. During the action task,
TMS would decrease activity of neurons in ILOTC that are highly activated during action
properties processing, as revealed by the fMRI experiment, leading to a consequent
impairment in performance. However, fMRI results showed that ILOTC is activated also
during the contextual task, even if in a lesser extent than for action task. If neurons in ILOTC

were directly involved in the contextual task, then TMS would decrease their activity and
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impair performance also during contextual processing, but this is not what we found. Thus, it
seems more likely that activity during context task arose simply because tool action is still
somewhat processed even during context task, but a decrease in activation of these neurons
in context task is not relevant for the performance, further supporting that ILOTC is specific

for processing action features of tools.

5.2.2 TMS combined with fMRI

There is an increasing number of studies that combine TMS and fMRI, and although it is
established that this is a valid method to investigate regions connected to the stimulated one,
it is still unclear why the stimulated region can either show an increase (Bohning et al., 1999;
Chouinard et al., 2003) or a decrease (Nowak Da and et al., 2008; Ward et al., 2010) of
BOLD, and sometimes no TMS effect at all, while still seeing a significant positive or
negative effect on distal regions (O'Shea et al., 2007; van der Werf et al., 2010). Usually
studies on state-dependent TMS, like our study in the first chapter, have involved single or
short trains of TMS, but probably a similar approach in studying TMS effect has to be
applied also to long trains of stimulation. 1 Hz TMS has usually been referred as an
inhibitory paradigm, but the studies mentions above showed that this is not always the case.
It would then be interesting to investigate the relation between BOLD change and magnetic
stimulation. Another unclear point about the use of TMS arises from our work. That is, the
duration of TMS effect on BOLD response, which seems to be different than the duration of
the effect on performance, also considering that several studies found a change in BOLD but
not on behavior (O'Shea et al., 2007). In our third study we used a common rTMS-fMRI
paradigm where we stimulated for 13 minutes at 1 Hz TMS, followed by a 4 minutes gap
before starting the functional MRI runs, which was then placed between 4-11.5 minutes after
the end of the stimulation. It is usually thought that TMS effects last approximately as long
as the duration of stimulation. For example, Boroojerdi et al. (2000) found that 15 minutes of
1 Hz stimulation over the occipital cortex at intensity of phosphene threshold decreased the
excitability of the visual cortex (i.e. increased phosphene threshold) for about 10 minutes
after the end of stimulation. However, many variables have to be taken into account when
designing an experiment and to know how long the functional run can be. For example, apart
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from the two main parameters of TMS of frequency and intensity, there is also a wide inter-
individual variability, like thickness of the scalp at the location of stimulation, which should
be taken into account when testing with TMS. Considering the increase of studies that
combined TMS and fMRI, future investigation is needed to shed light not only on how TMS
can modulates neuronal activity, but also which is its relation with BOLD response, in order
to know how we have to interpret an increase or a decrease of BOLD and how this is related

to the task that participants are performing during measurements of BOLD.

5.3 Cognitive implication

5.3.1 Tool perception in ILOTC

The second and the third study focused on the role of ILOTC in tool knowledge. Both studies
confirmed that the role of this area in processing properties specific of tools and their use is
more relevant than what was previously thought. Our results show that ILOTC has a selective
and causal role in encoding action-related features of tools (study 2), while back projections
from IPS seem not be relevant, at least during passing viewing of tools (study 3). These
findings taken together suggest then that left LOTC is not simply a visual area, but is already
causally and actively involved in a type of encoding about tools that goes beyond visual
features: LOTC is causally and selectively involved in the discrimination of hand actions
associated with visually presented tools.

Several imaging studies have shown activation in MTG/LOTC when processing tools from
different sensory modalities, not just with visual presentation of pictures, but also during
reading of tool names, pantomiming actions with tools and with the presentation of noises
related to tool-use (for review, see (Lewis, 2006). However, clinical studies failed to
demonstrate a clear causal role of this region in the processing of action-related features of
tools. A specific syndrome, Balint’s syndrome, may suggest the role of MTG/LOTC in
encoding visually guided object-hand interaction. Balint’s syndrome is a clinical desease
which combines variously a set of complex spatial behavior disorders following bilateral
damage to the occipito—parietal junction (slightly overlapping also LOTC) affecting the

capacity of the patient to perform correctly visually guided action on objects, but keeping
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intact semantic knowledge about the object (optic ataxia, for review see (Pisella et al.,
2008)). Interestingly, apart from a wide region in occipito-parietal regions, other lesions of
this syndrome covers a region in IPS and in premotor cortex, which correspond to the areas
that are also activated by tool perception. Another study that investigated 90 patients with
different lesions in the left and right hemisphere, showed that the regions of highest lesion
overlap in subjects with impaired retrieval of conceptual knowledge for actions were in the
left premotor/prefrontal sector, the left parietal region, and in the white matter underneath the
left posterior middle temporal region (Tranel et al., 2003). Interestingly, in a previous study
by the same authors (Tranel et al., 1997) it was also shown that defective recognition of
tools, compared to animals and persons, was associated with maximal lesion overlap in the
occipitotemporal-parietal junction of the left hemisphere. In contrast, defective recognition of
people was associated with maximal lesion overlap in right temporal polar region and
defective recognition of animals was associated with maximal lesion overlap in right mesial
occipital/ventral temporal region. These studies also support the hypothesis that knowledge
for categories from different conceptual domains depends on partially segregated neural
systems. However, it is unclear from these neuropsychological studies what the causal role of
ILOTC in tool perception is, since impairment of tool knowledge could also arise from
concomitant lesions to other areas. Our study instead strongly suggests that MTG/LOTC is
effectively and causally involved in the retrieval of conceptual knowledge for tool action,

possibly without involving projections from parietal cortex.

5.3.2. Organization of occipitotemporal cortex

We know that this area in ILOTC is also selective for hands (Bracci et al., 2010; Bracci et al.,
2012), but our second study shows that selectivity for tools is not due to a simple
epiphenomenal association with hands, nor that this area encodes all tool properties in the
same way, but it is specific for tool-hand interaction, such as the type of movement we have
to make with the hand in order to act with the tool. This is extremely relevant because it
suggests that occipital-temporal cortex is not organized based on visual properties of the
stimuli alone (Mahon and Caramazza, 2011), since tools and hands are obviously very
different visually. In contrast, our data would better support the hypothesis that brain
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organization is driven by a principle of efficiency, like clustering together categories that
share high-level properties relevant for interacting with our environment, in regions that are
better located for sending information to other areas in charge of further action processing. In
the case of tool perception, tools and hands may be processed in the same area to better
decode the interaction between them and send information directly to higher areas of the tool
network in parietal cortex. LOTC is hence able to distinguish a familiar tool from a non-
manipulable object without receiving information from IPS. But how does the brain know
that it is more efficient to specialize this area for elaborating tools? Since this cannot depend
on visual information of the object, as there are no fixed visual characteristics that define
what a tool is, and even blind patients show a similar cortical organization (Mahon et al.,
2010), it would be interesting to investigate the role of back projections from parietal and
other higher areas while we are learning to recognize a new unfamiliar object as a tool. It is
indeed possible that interactions towards and from IPS, and possibly higher areas, are critical
during the process of discriminating and storing a new item, but once knowledge about the
item has been internalized, “visual” areas in occipital-temporal regions are independent in
recognizing which domain the item belongs to, and this would explain why we did not find
an effect on ILOTC when stimulating over IPS. Future research could investigate the role of
IPS over ILOTC while learning to use a new object and categorizing it as a new tool, perhaps

making use of TMS in order to disrupt connections headed to ILOTC, and viceversa.

5.4 Conclusions

In conclusion, in this thesis we investigated the role of left LOTC during tool perception,
using TMS and fMRI. Our findings enhance our knowledge about how lower cortical areas
in occipital-temporal cortex are not simply visual areas, but can be already involved in
processing properties about the stimuli that go beyond visual information. In particular, we
showed that this area in ILOTC that is selectively activated by visual representation of tools
as well as hands is specific in coding interactions between tool and hands, rather than general
features about tools. Moreover, activity in ILOTC does not seem to depend on back
projections from higher areas like parietal sulcus, as TMS over IPS did not have a significant

effect on BOLD responses in ILOTC, suggesting that ILOTC is relatively autonomous in
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processing action-related properties of objects. In general, more attention should be given
also to the role of “visual” occipitotemporal regions in extracting information about our
external world, that go beyond purely visual information. Hence, although there is evidence
for specific and selective areas coding for preferred categories (Kanwisher et al., 1997;
Peelen and Downing, 2005), the representation about objects seems to be spreaded among

different regions in the network, including also occipitotemporal areas.
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